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ABSTRACT 

The following work reports a study of the practical 
aspects of emulsion flooding for heavy oils such as those 
produced in the Lloydminster area. A systematic study of 
the parameters influencing the emulsification process was 
conducted. It was found that by uSing 92 percent wellhead 
crude as the oil component anda 0.10 percent by weight 
sodium hydroxide solution, a Stable, Single phase, 
water-in-oil (W/O) emulsion could be formed. The viscosity 
of this emulsion which was too high for practical injection 
was reduced to 0.220 Pa:s (220 cp) by addition of 13 percent 
Synthetic crude. Prior to testing the effectiveness of a 
slug. of Gere emulsion in displacing heavy oil from a sand 
pack, its rheological behaviour was investigated; varying 
amounts of aqueous and oleic phases were blended with the 
emulsion and the resulting mixtures were analysed. It was 
observed that mixtures containing at least 30 percent water 
resulted in either a gel or very high viscosity W/O 
emulsion. 

Six sand pack displacements were conducted for three 
different slug sizes under various initial conditions. It 
was found that an emulsion slug equal fo 30 percent» of ‘the 
pore volume followed by distilled water displaced 80.3 
percent of the oil in place after 1.5 pore volumes were 
injected. Waterflooding recovered 43.0 percent of the oil 
in place after 1.2 pore volumes were injected while partial 


waterflooding followed by injection of a slug (30 percent of 
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the pore volume) resulted in the recovery of 69.3 percent of 
the oil in place after 1.7 pore volumes were injected. All 
displacements, where emulsion slugs were present, showed 


increasing injection pressure with time. 
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LO0MByehisie Crude=S minicstirring:. 1750" « . 
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90% Eyehill Crude 10% NaOH Solution, 1750x. 

70% Eyehill Crude 30% NaOH solution. 700x. 

70% Eyehill Crude 30% NaOH solution.1750x. 
Effect of Time on Drop Size Distribution 

75% Eyehill Crude 25% NaOH solution. 175x. 

75% Eyehill Crude 25% NaOH solution.1750x. 
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Apparent Viscosity Chart; Shear Rate: 1.55 s7' 
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Comparison of Solvents Effectiveness 
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Effect of Synthetic Crude on Emulsion Viscosity. 


Rheology of Heavy Oil and Eyehill Emulsion 
Pressure and Oil Cut Histories-Run 1 
Pressure and Oil Cut Histories-Run 2 


Pressure and Oil Cut Histories-Run 3 
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Pressure and Oil Cut Histories-Run 4 


Effect of Emulsion Slug Size on Recovery 


Salinity Of bff luent; 
Pressure 
Salinity of Effluent; 


Pressure 


Runs 2, 


Runs 


1, 


3, 
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and Oil Cut Histories-Run 5 


and OF) <GutbeHistories-Run 6 
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Effect of Emulsion on Waterflood Recovery. 


Calibration Fluid Rheology. 


Weissenberg Transducer Calibration: AT'N=20 


° 


Weissenberg Transducer Calibration: AT'N=100. 


Weissenberg Transducer Calibration: AT'N=200. 


Sample 6 Rheology; Log-Log Scales 
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Samples 6 and 11 Rheology; Arithmetic Scales. 


Sample 9 Rheology 


Pore Volume Determination 
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NOMENCLATURE 


interfacial area, sq cm 

surface-active agent concentration in the bulk 

in phase 1 traction 

Surface-active agent concentration ina layer 

Tre phase’ Tee rractson 

surface-active agent diffusion coefficient 

it pnasewa, Sov cm 7s 

total specific surface energy, dyne / cm 

thickness of adsorbed layer, cm 

reduced surface-active agent tension-lowering 
ability, dimensionless 

adsorption rate constant in phase i, dimensionless 
desorption rate constant in phase i, dimensionless 
consistency index, Pa-s 

flow index, dimensionless 

net solute adsorption rate, cm/s 

time, s 

dimensionless time 


volume in phase i, cu cm 
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Greek 


Symbols 

reduced area, sq cm / cu cm 

reduced volume ratio, dimensionless 

interfacial tension, dyne / cm 

surface-active agent adsorption, cm 
dimensionless surface-active agent adsorption 
Nernst film thickness, cm 

reduced diffusion coefficient ratio, dimensionless 
reduced desorption rate constant, dimensionless 
reduced film thickness, dimensionless 

oil’ viscosity ,¥Paks 

disjoining pressure, dyne / sq cm 

shear stress, pa 


shear rate, s7' 
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1% INTRODUCTION 

Emulsions are divided into two categories: macroemulsions 
and microemulsions. In the case of a macroemulsion, the 
Size of the dispersed phase drops varies from 1000 to 50000 
nanometers (1 to 50 microns). For a microemulsion, the size 
of the dispersed drops varies from 100 to 1000 nanometers 
(0.1 to 1 micron). Most of the work to-date has been done 
in the area of microemulsions. Field tests of microemulsion 
flooding are being conducted and laboratory studies of 
microemulsion behaviour are numerous. By comparison, 
relatively little work is being done in the area of 
macroemulsions. Only one field test is known to have been 
conducted at this time. Laboratory studies are few, and 
mostrof tthem fdate tbacktoe19ng .veTheseusttdies are iconcerned 
with the flow properties of macroemulsions in porous media. 
The emulsions used were invariably oil-in-water. No study 
of water-in-oil petroleum macroemulSions nor any systematic 
study of their flow properties is known to the author. The 
present study deals with water-in-oil macroemulsions 
prepared with the Eyehill crude produced in the Lloydminster 
area. 

The relevance of this work can be justified on the 
basis of the relatively low productivity of some heavy oil 
reservoirs in the Lloydminster area which are unsuitable for 
thermal recovery. As reported by Jameson (1973), primary 
production yields between two and eight percent of the oil 


in place, there. Because of an adverse mobility ratio, 


snotelgmedtosa 1@947OPere>* ong aio ‘paperde 
eit ,solelyniecusae @ Fe #282 aes re a. 
OO0GE oe 000! most gsiusv eqosh se aid Apilveqnine 
eeie et vo Letumearsiie, ek 4 Snaesie® i site ve f: is: 


wtedtionan JOGt od OOF <ao¥2: settay mcs 


qu 
al 


4 
, 
aech oped end atetergs.2tsow @a) to 320M ahi 

a a . 


soleiuisovnia Io eeuey, Bless eens: 1.8 


to oeeibuse yzexszodsh <apk OStouhnda ~ anted same 
Aovireq@as Tea ;2UCTeRUN. Ars. suosvuited | 


co Heve ae nai atom -prted) 21 iy arziee 
eed oved oF owend ia. tag? S255) sao ye.) Lael 
bng yak saa 2eebu7e cet eat Ct Ral - mb afth dent 
| A ea > iv * iA) fl” 
bat veongs St4 29fbuse See ever ec. A2ep ‘alate =a 
gibem evorey ni enc telumeoroen 1d, #9 Dt SGN vata 94 


ni 
thugs OK Sodeu~ct- Lod medaka sens sie | header i oa) aad 
Sicameteve {ne Ion. ano ba Ltn S03 20M pine it¢< ; | 
ont »PONIUE any cs fino “ey cai 1aqeia, wor? near 
anote Lindtancam Lio-n2>Yerss ede 4 yaks eu oR, 
tedencehyoid “ers al \bssvboua seb 46 Prtdaea ods Aziy 


, a] 

42 no Beitiseuh ad) nes) a10w ‘etuid 40 anne ine oat oe): 
: . 
lin yéei eme2 to yifvitoubo1ig wol giaycistes oid! bo ‘et ad 


a 


Yel side¥irerw sia Asia Assam sezenimbyodd aft ah: estes 9 
“gemiza (i727) psesmet 7 beyvogss aA isvese! Sanepgit 
ite ede 2o 2nsoveq SIR Boe 242 Be oS sheds youd sdk sqnigig : 
yebisey yeeiidon oexs2be Pais [Bdtsoss sien eat ct 


~~ “te i‘ n 
yu — , > = : st 


‘=e | nr ' ao an ae: ‘a arte 


waterflooding is not effective and permits the recovery of 
an additional two percent of the aya in place. 
Consequently, the possibility of using emulsion flooding as 
an enhanced oil recovery method has been suggested. 
Emulsion flooding has several advantages over other 
secondary recovery methods. First, being a non-thermal 
method: hy st@ applicabiletictor thack: and) thine pays alike. 
Second, the low mobility emulsion bank, driven by water, 
will cause reservoir oil ahead to bank effectively. 
However, the mobility ratio between the injection water and 
the emulsion at the back of the emulsion bank is highly 
unfavourable. Therefore there is some concern about viscous 
fingering of water into the emulsion bank. The deleterious 
effect of fingering can be delayed by using a large enough 
emulsion slug. Furthermore, slug injection may be difficult 
if the apparent viscosity of the emulsion is too high. 

The objective of this study is to determine whether the 
idea of emulsion flooding is technically feasible given the 
type of oil under consideration, namely the Eyehill heavy 
oil. Of all the different possible emulsions, the only 
combination studied here is a water-in-oil macroemulsion. 
It 1S composed of distilled water containing sodium 
hydroxide and of Eyehill wellhead crude containing already 
fifty nine percent connate water as dispersed drops. 
Wellhead crude is thus already a water-in-oil emulsion. 
Removal of connate water from the wellhead crude by vacuum 


distillation is technically feasible but alters the chemical 
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properties of the oil. The ions present in the water must 
go as solids into the oil when the water evaporates. In 
addition, vacuum distillation is costly when done on a large 
scale. In this study, cost is always kept in perspective 
because Lloydminster heavy oil is a product which requires 
extensive refining to become saleable. It was therefore 
decided to use the produced crude oil-water emulsion, 
referred to as "crude" hereinafter, as the oleic phase in 
the emulsions prepared for this study. Cost is also the 
reason why caustic is preferred to commercial emulsifiers. 
The first stage was to determine whether’ stable 
mixtures of Eyehill wellhead crude and caustic solutions 
could be formed. tf the caustic solution and the wellhead 
crude could not remain as a homogeneous mixture, there was 
no point in investigating this combination any further. The 
mixture behaviour depended on the nature of both the oil and 
the emulsifying agent used. In the present case, the 
Eyehill crude is what is commonly termed an acidic’ crude. 
Ttrecontaimms. at wideprarvay sof ifatty acidsiwhichrane very 
reactive and act aS natural surfactants in the oil. These 
fatty acids react with the emulsifying agent in the water 
(sodium hydroxide in this case) to.give a soap which lowers 
the interfacial tension and improves the chances of 
obtaining a homogeneous mixture. It is generally conceded 
that interfacial tension plays a major role during 
emuls iniication si ong. the saintenfacialvytension ‘tis s lowe tthe 


energy required to create new interfaces between the two 
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liquids is relatively small. AS a consequence, the chances 
of obtaining a homogeneous mixture are greatly improved. 
This was the rationale for devoting the first part of this 
Study to the examination of the parameters that affect 
interfacial tension. The goal was to determine under what 
conditions interfacial tension could be lowered sufficiently 
to obtain homogeneous mixtures. The caustic concentration 
which provided the lowest interfacial tension was selected. 
The second stage wasS to prepare mixtures of Eyehill 
wellhead crude and of the selected caustic solution. Even 
though the interfacial tension was the lowest possible under 
the given cicumstances, not all mixtures were homogeneous. 
Depending on the relative amounts of wellhead crude and 
caustic solution the mixtures either remained homogeneous or 
readily separated. Ge is important eo ager which mixtures 
are homogeneous and for how long. If an emulsion flooding 


project were to be successful, the emulsion slug injected 


Should remain homogeneous. If phase separation occurs 
(break-down), the purpose of using an emulsion bank to 
provide efficient displacement would be defeated. So the 


principal goal of this part of the research was to find a 
mixture that remained homogeneous for a long period of time. 
Another goal was to test that mixture to see how blending it 
with distilled water or wellhead crude, or both, affected 
aE. In the reservoir, an emulsion bank could encounter 
varying saturations of water and heavy oil. It is important 


to be able to predict how combinations of these three fluids 


ss 


& 


seuivades site’: eneieitghinaile. kek arin 
bevowge: Yitseto ets oeerte iat. woede 
giddy to disy sevie add exaseveh 10%, ee a 
sasie. sai: sematag, eds ~ Yo AGL Tes. « oes 98 
veiw. satay aniieenal eee, fae ae sHedaase - ‘ 


ow Sis 
iymeiviiive bezeol Se Sipaos coheed 


AoitezseRone> obieyes eee, see se ee ‘ewagasgotiod 


*< 


Le 

= 

7 - 
y al 


a 
7 


bedoeise caw notenet daiaeacsint jaouot aga 


oe. 
ye’ \ 


fiidecs io cevsItim StAAsIQvey . aw dowoe ele 
neva noiswioe  Sisawer basieies wats 20 bas, #8 
yebnu sidiaaca 72Eeno? ai aay AO eres iaioattednt 3 
.gueenspenod svew esxudKin bE6 ton PES Ft 
ite tuys Saetifiss Yo: exeupms Setisiea gpa) he a 
Io eUvoenseomod bers sah iat s" aes xint pes GReaey 
esiysvin doidw vor os onsagegps 2b af, 
nibount? , acielume ie At?) Shot ope sed eis fet 


) 
becveter pyle no ) > fue) oes dutidanosce = es a 


eru700 «6no rte reqpe oeala BL. “auaenayouid pee 
ot inet colsiume a5- pateg’ 26 4364245. ons 
wiz, 0% Sodhetsd red 8tgew ingisdnagb ih: 2HAcaRae. J 
& 5202 08 ene deisenet, od 5 3% ty * sats Zo tsge a 
dt? 4 Yo, Dotieg pned, «Yet auoerspdmod benbeaes need 9 

ti pines wort mon od audited: YeRd 99 Hay ined 3: 
= aided 96 | Shyer Spat Law 6 Potbie: Getik Foti 
Spedmiotos bluoo snad nofesume 45 siovieeen wig 
 dfiedangn . gi + 1 bean Ow, 26am ET andi 


43tn: areas: any 


ei 


: re 
; a TT aes ae | ; a75 
- iu a a ae - iif 7 my, : pe vee 


(i. e. emulsion, distilled water, and heavy oil) behave. If 
the emulsion broke down, efficiency of displacement would 
axvOp:. It the viscosity of the emulsion increased 
drastically, the porous medium would become plugged. A 
third goal was to control emulsion viscosity. This was 
achieved by using solvents among other methods. If the 
viscosity of the emulsion were too high, injection pressures 
would be prohibitively high. The amount of solvent added 
was limited by two factors. First, solvents are costly and 
the emulsion flooding technique must be inexpensive to 
remain attractive. Second, the mobility ratio between the 
in-situ oil and the emulsion bank at the front, must' remain 
acceptable for the displacement to be efficient. In 
summary, the second stage of this study was involved with 
the rheology of the selected emulsion and of numerous 
resulting mixtures simulating possible reservoir conditions. 

The third and final stage of this study consisted of 
selected sand pack displacement experiments, simulating "one 
dimensional" flow of an emulsion bank through an 
unconsolidated porous medium. In these experiments, the 
emulsion was injected as a_ slug and driven by distilled 
water. Depending on its size, the.emulsion slug may bank a 
Significant portion of the in-place oil prior to break-down 
due to adverse viscosity ratio at the rear. These factors, 
as well as the initial oil saturation, affect the ultimate 
recovery of the in-place oil. Of the six runs conducted, 


four were conducted in oil-saturated sand packs with brine 
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present at a residual saturation. The possible application 
of emulsion flooding for Lloydminster heavy oil was 
appraised, based upon available results. Guidelines were 


suggested for future work. 
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2a DEFINITIONS 
This section is designed to minimize any ambiguity with 
regard to the terms that may arise. During the course of 
this study it became necessary to make use of words which 
may convey several meanings. Each of these words is defined 
below. 

Oil refers to'the actual. petroleum substance, free of 
any water content. 

By wellhead crude, or crude, is meant a combination of 
oil and connate water as received from the field. In this 
case, the Eyehill crude is composed of oil containing fifty 
nine percent connate water in the form of dispersed 
droplets. It is already an emulsion. 

During: emulsification, several phases may appear. . The 
word "phase" here refers to an actual visible, distinct 
liquid layer, as seen ina beaker. This layer may be an 
emulsion (water-in-oil or oil-in-water) or just oil, or just 
aqueous solution. - A single phase emulsion is an emulsion 
where only one uniform layer is visible. 

For the purpose of this study, a mixture is the result 
of blending a single phase emulsion with either crude or 
distilled water, or both. One or several phases may result, 
some of which may be emulsions. 

Under the microscope, an emulsion will show the 
dispersed phase as droplets. Drops or droplets only refer 


oma liquid. 
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In the same fashion, particles only refer to solid 
fragments, in particular sand grains sometimes present in 
the emulsion. 

By stability of an emulsion is meant its ability to 
remain in the same condition as when it was first formed. 
Signs Of instability include ‘separation of phases and/or 
change in drop size distribution. 

By waterflood is meant the injection of distilled water 
in a sand pack initially saturated with oil and containing 
brine at an irreducible saturation. 

By an emulsion flood is meant the injection of a slug 
of water-in-oil emulsion followed by the injection of 
distilled water in a sand pack with same initial saturation 


conditions as above. 


or 
-_ 


Sere” at ee ‘4 
iow ox tales yene. eplebsgen 7% 


Sagtetg, ests emake enhaen ecw int an 


ran 


PS | 


alzi 


eew 


DFP i ot 


Siew ae eye c a 5 valaiauan 


*t noite 'ee" ne ph tabeps liad ous ae 


nephew +5308 Sate 's am netey 


f 


= 


*h J Ae yaqee SSA ORS v9 


~% Pe | sink tl , Axi “4 he eee a pot inset eV H 


‘dgtw Be tet, ‘ha ef 0@ 41 PRS ey hiiey™ au 


Pr sribad Bu Caps 24: nose Same an. 


i] 


Ae tis 1é Mi ie a eae van 


GI 


¥ hy i ; : 7 i 
12 OR re ue 


Js 


itjeetens sm 
phos Sak ES naib: eae nA 


pg toe en 1 ae. gic whee ic Seah 


ape olor nel a Tie Eg shd ae 


= 


Uses BA ana 


.\ 
»\ 
7 : e' + } 
“i. | 
oa @ @ —2 
7 Sar 
Pa 


7 - ‘ : a t 
iM j j Us 7 nh 
mi a0 i i wew 


re ix - i 7 
- ¥ 


+ 


3. LITERATURE REVIEW 


3.1 CLASSICAL EMULSION THEORY 

Emulsion theory has developed in fields such as 
chemistry and pharmacy where the components used are either 
pure or of known composition. Moreover the components are 
usually chosen such that viscosity does not cause any major 
problems during emulsification or during emulsion stability 
analysis. The fundamental principles, however, remain the 
Same and shall be reviewed in the following paragraphs. 

The major concern in any emulsion study lies with the 
interfacial phenomena. Emulsification iS essentially a 
process by which new contact surfaces are created. For 
example, Martin (1969) reports that a cube of substance of 
volume 1 cm’ has a seataee area of 6 cm?, When broken down 
into 107' particles, the composite surface area is 6000 m’, 
the area of a football field. Stability of the emulsion 
determines whether the two liquids can maintain such a large 
contact area or whether the surfaces collapse. During 
emulsification, stability 1S governed by the amount of 
energy stored in the surface area between oil and water. 
Any water-oil system tends to minimize this free surface 
energy by reducing the size of the contact area and by 
inducing coalescence of the dispersed droplets. To avoid 
this result, a surface-active agent can be added to either 
phase during emulsification. This agent reacts with 


components in the other phase to form soaps which gather at 
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the interface between the two liquids and lower’ the 
interfacial tension. Thus the work necessary to create new 
Surfaces 1S minimized and the drops created are both smaller 
and of more uniform size. 

Sherman and co-workers (1968) observed that smaller 
drops resulted in higher viscosity and greater stability. 
As the concentration of the dispersed phase increased, 
viscosity also increased but high concentration and high 
stability were usually incompatible. Also, lowering 
interfacial tension is not the only role of the emulsifier. 
Its real importance lies in the manner in which it affects 
the interface and determines whether the emulsion formed 
would be preferentially of the water-in-oil (W/O) or 
oil-in-water (O/W) type. 

In classical emulsion theory, it is Se eae conceded 
that during mixing the phase added becomes the dispersed 
phase. There are several ways of mixing but Sherman and 
co-workers (1968) report that there is an optimal agitation 
time beyond which no further emulsification occurs. This 
optimal time varies between 1 and 5 minutes. Beyond that 
time, the rate at which new drops are created equals the 
rate at which colliding drops recombine. Wrehmpregard. ito 
emulsification, they also add that the interfacial area 
generated increases with the rotational speed of the mixer, 
the stirrer diameter, and with a decrease in container tank 
diameter. Energy input increases as the rotational speed 


increases; this energy is stored in the emulsion through 
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creation of new interface. A larger stirrer diameter and/or 
smaller tank diameter increases the amount of turbulence 
generated by the blades which in turn intensifies the mixing 
of the two phases. The larger the difference in velocities, 
the larger the interfacial area created; the difference in 
velocities can be attributed either to a difference in 
densities or in viscosities. According to emulsion theory, 
emulsification becomes easier as temperature increases 
because both viscosity and interfacial tension may decrease. 
Viscosity may be modified either by additives or alteration 
Of drop size. Many of the physico-chemical properties of 
emulsions depend upon drop size and drop size distribution. 
Kitchener (1968), one of Sherman's co-workers, reviewed 
the concept of emulsion stability. He postulated that the 
addition of a third component was essential to the formation 
of stable emulsions. Such an additive may belong to one of 
four categories: 
* inorganic electrolytes which create 
electrical double layers around the drops. 
* soaps and detergent emulsifying agents with 
1 or more pair of hydrophilic® Vand 
hydrophobic groups. 
* macromolecular emulsifying agents such as 
proteins, gums, and starches. 


* finely divided insoluble solids collecting 
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at the interface between the drops and the 
continuous medium, such as asphaltenes. 

The only way to achieve stability is by preventing drop 
coalescence. Two neighbouring droplets are subjected to 
both short and long range forces. Short range forces affect 
the structure of the interface while long range forces play 
a role in the flocculation. Coalescence may then occur 
following three possible mechanisms (see Figures 1 to 4): 

* for large drops where forces of inertia are 
much larger than surface forces, a dimpling 
effect is observed. Coalescence may then 
OCCUrS#ateune ring sof contact. 

* smaller drops remain convex and touch only 
at one point where coalescence begins. 

* in the presence of an emulsifying agent, a 
flat lamella forms between two droplets and 
delays coalescence. 

Hydrostatic forces tend to thin the film while surface 
forces oppose this tendency. The balance between the two 
determines the emulsion stability. Kitchener cites 
Derjaguin as the investigator of this phenomenon. Derjaguin 
defined disjoining pressure as the change in specific free 
surface energy with a change in lamella or liquid layer 
thickness. In the case of an emulsion, when two liquid 
drops are pushed toward one another, the pressure in the 
region between them increases rapidly. In the process, the 


liquid drops may deform themselves in different fashions. A 
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Figure 1. 


Dimpling Effect 


Lamella Effect 
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Figure 2: Eyehill Crude - Dimpling Effect 


14 


aS } 
2 i a7 2 
; ) c Test ue j a > “ 
| : an Ts 
er , | 7 iy ae Tat f 
' he 
P 1 i A m i 7 1 hae : 
fost paliginit) « ebinG Mieya “Seals i oe 
¢ ‘ih 7 “2 ry 
\ <1, ben 
'* 
| ~ 
’ ot ; ‘ 
ee : 
~ ¥ 
r ue ‘ 
7 & ' Fi 


e/! 


, é i Yaad A as 
i Pas ed bea Ly. 


Figure 3: Eyehill Crude - Water Droplets Aggregations 
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lamella may appear between them. Any deformation of a 
Spherical shape means an increase in surface area and thus a 
local change in repartition of surface energy. According to 
Derjaguin, this change could be positive or negative 
depending on the thickness of the liquid layer. This means 
that the disjoining pressure can be positive or negative. 
If it iS positive, it opposes hydrostatic forces; if it is 
negative, coalescence rapidly results. Derjaguin reached 
the conclusion that two types of forces were present at the 
lamella interface. He called surface force of the first 
kind the interfacial tension, y, which acts along the plane 
of the interface. The surface force of the second kind is 
the disjoining pressure, [](h), which acts perpendicular to 
the plane of liquid film. Therefore, the total specific 
surface energy of a thin, plane, parallel lamella of liquid 
is given by 

g= y+ f(n)-a Ce) 
The integral is very small in magnitude compared to the 
interfacial tension but it is the only term affecting film 
equilibrium. Both attractive and repulsive forces should be 
taken into account in the evaluation of the surface forces 
of the second kind. Kitchener (1968) indicates that 
attractive forces between macroscopic bodies render thin 
liquid lamellae inherently unstable. The thinning would 
accelerate sharply as the lamella thickness reaches a 
critical “range of action". The actual coalescence would 


hence be a very rapidly occurring event. 
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Rubin and Radke (1980) formulated a physical model for 
the evolution of interfacial tension when a surface-active 
agent is transferred from one liquid phase to another. They 
decomposed the eons neen into five stages: 

1. Convective-diffusion from one bulk phase to the 
interface 

2. Adsorption into the interface 

3. Reaction at the interface 

4. Desorption from the interface 

5. Convective-diffusion into the second bulk phase. 


They also accounted for the fact that both liquid volumes 


are finite. Depending on the relative rates of adsorption 
and/or desorption at the interface, the resulting tension 
was observed to vary significantly. Rubin and Radke 


investigated the change in interfacial tension,y, with time 
(Figure*5}" witth4phase volume ratio, B, (Figure 6), and with 
the ratio of interfacTalvarea”.to. toleic \*phase volume, a}, 
(Pa gure/7)...**Symbous r and e denote reduced quantities. 
They explained their observations on the basis of a linear 


kinetics model which they described as the Henry sorption 


kinetics model. It can be represented as follows. 
Solute k Solute kK 2 Solute 
° ee ———— ee 
in phase 1 kes adsorbed —_ in phase 2 


Constants ky, -andaks "represents the adsorption rates while ko; 


ands kigsrepresent the desorptionrates:@*Inveadditiony pthey 
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expressed the net rate of adsorption from either phase per 


unit area, R_. as 
a,i 


AS} . 
Ra,i> Koeyeala boomer t r Velez (2) 


where) kes Jand! “ko. were the adsorption and desorption rate 


Sone : 
constants, C; 1s the concentration of surface-active agent 


in the adjacent sublayer of phase i, and TI is the relative 
surface excess concentration of surface-active ere They 
found a strong dependence of IT on the relative values of the 
sorption rate constants (Figure 8). 

Rubin and Radke also reported three other equations 
which completed the mathematical description Of the 
mechanism. Levich's equation accounted for any accumulation 
of surface-active agent at the liquid-liquid interface 


Ss 
Sree Ra Oe ty eRe 2(CH, 0) (3) 


ae 
Iinveach liquid phases Beonvective-diffusion followed the 


Ae 


Nernst film model 


Ss 
Viciewer GAG DAC acCa) peal 2 (4) 
ghia ee omen 

where C is the surface“active agent concentration in the 

bulk ote the 1i¢guigepiace iy . Di, tne , Suntace-active agent 

diffusion coefficient and 55 Wenthe )Nernse! film thickness 


coefficient. im aca ition. iv. ws cne.volume of phase 1 and 
A, the interfacial area. 

Rubin and Radke mentioned a third equation expressing 
the net rate of adsorption in terms of the 
convective-diffusion coefficient 
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Acid Crude Oil 
Oil-Water Ho = 800 CP 


y, mN/m 


pH (NaOH) = 12.4 
[NaCl] = 5.8 M 


O 10 208"30' 240 50960 470 
t, min. 


Figure 5. Experimental dynamic tensions for an acid 
crude oil (Long Beach California) in caustic. 
Differing symbols of the same shape indicate 
independent experiments, and the numbers in 
parentheses indicate time in minutes.(from 

E. Rubin and C.J. Radke, Chem. Eng. Science, 35, 
Copyright [1980], Pergamon Press, Ltd). 
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a= 
a=— A= 


Hi-=2 

K—4 = 1 
K9™ 1071 
dy =1071 
ho=1071 


107! l 10 102 
t* 
Figure 6. The effect of phase volume ratio B on 
dynamic tension. ( from E. Rubin and C.J. Radke, 
Chem. Eng. Science, 35, Copyright [1980], 
Pergamon Press, Ltd). : 


Figure 7. The effect of @ on transient solute 
adsorption. ( from E. Rubin and C.J. Radke, Chem. 
Eng. Science, 35, Copyright [1980], 

Pergamon Press, Ltd). 
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Figure 8. The effect of « —2 on transient solute 
adsorption for a large volume ratio of phase 2 to 
phase 1, (from E. Rubin and C.F. Radke, Chem, Eng, 
Science, 35, Copyright [1980], Pergamon Press, Ltd). 


10°! 1 10 102 
95 


Figure 9. The effect of phase volume ratio B on 
transient solute adsorption (from E. Rubin and 

C.J. Radke, Chem. Eng. Science, 35. Copyright (1980], 
Pergamon Press, Ltd). 
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ie icewaerviconstant, ) concentration in “phase 2, zero, and 
adsorption, zero. 

Figure 5 showS a very strong time dependence of 
interfacial tension on an acid crude-caustic solution 
system. In Figure 8, the dimensionless surface excess 
concentration of surface-active agent,. , igs seen to be a 
Strong function of the difference in magnitude between the 
reduced desorption coefficients in the two liquid phases, 
everything else being constant. In Figure 9 only the phase 
volume ratio is varied and r* varies over up to three orders 
of magnitude. tiv they *surtace “excess ‘concentration “of 
surface-active agent varies, the interfacial tension, jy, 
also varies. Rubin and Radke reported that 

y¥/y¥o= V- a6 Tt (6) 
where yo is the tension between the two liquid phases when 
there is no surface-active agent and Hq is a measure of the 
ability of the surface-active agent to lower interfacial 
tension. Therefore, interfacial tension is shown to be a 


strong function of volume ratio at any given time. 


Figure 6 represents y/yo versus time for different 


desorption rate constants. Again, strong dependence of 7 
upon B can be observed. Finally, »« since volumes of each 
phase were finite, variations in the ratio of interfacial 


area ctomphase™ vyorume; ar" had@ean--erfect™ on. intertacial 

tension. This effect can be seen in Figure 7; at any given 
* 

reduced time Ene wenaswas tarde etrecc™ onrr= |" tne — reduced 


excess concentration of surface-active agent at the 
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interface. 

In their experiments, Rubin and Radke used mineral oils 
containing known amounts of oleic acid and contacted with 
caustic-sodium chloride solutions. Use of these results for 
elucidating the behaviour of petroleum crude oils contacted 
with caustic solutions can therefore only be qualitative. 

Rheology is another field where emulsions show peculiar 
patterns of behaviour. Rheology may be defined as the study 
of deformation and flow of matter. Sherman and co-workers 
(1968) report that concentrated emulsions tend to behave 
like solids in the initial stages of shear. But emulsions 
do not have the ability to return to their initial state 
like a solid . The shearing work exerted would not be 
totally dissipated either, as with liquids. Emulsion 
se lies somewhere in between these two extremes. and 
whether it approaches more the solid or the liquid behaviour 
depends on the nature and concentration of the dispersed 
phase. This was observed by Frederickson (1964) as reported 
by Sherman. 

Most emulsions obey non-Newtonian fluid flow models. 
Otswald and de Waele (1925) were the first to alter 
Poiseuille's equation to include plastic flow. However, 
power law equations are not physical laws and one can _ only 
acknowledge the dependence of apparent viscosity on rate of 
shear. Sherman (1968) observed that no completely 
Satisfactory theory has yet emerged to explain non-Newtonian 


flow. Existing flow theories are based on a 
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flocculation/deflocculation model and assume a long chain 
configuration for aggregate structures. Sherman added that 
W/O emulsions form complex aggregates which render’ the 
elaboration of a proper model more difficult. 

Finally it has been recognized that drop size and size 
distribution affect emulsion behaviour in many ways. 
Sweeney and Geckler (1954) first indicated that drop size 
influences the flow properties of emulsions. In particular, 
they observed that the smaller the drop size is, the smaller 
the dispersed phase concentration needs to be for it to have 
a pronounced influence on the emulsion rheology. Inj wiac tk; 
when the mean diameter is less than a few microns, the 
influence of drops of diameter smaller than the mean will be 
larger than the influence of drops of diameter greater than 
the mean. Consequently, a plot of apparent viscosity as a 
function of mean diameter would not reflect the full 
influence of drops with sizes below the mean diameter. 
Viscosity data for emulsions with the same mean diameter can 
only be compared if the size distribution patterns are _ the 
same. It does not follow that different emulsions would 
have identical mean sizes just because they are prepared 
according to the same procedure. This is especially true in 
the case of emulsions of Be ceeens dispersed phase 
concentrations. More energy has to be applied to higher 
concentration emulsions in order to obtain the same mean 


size. 
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3.2 EMULSIONS IN PETROLEUM RESEARCH 

By 1tsS very nature, industrial research has been more 
inclined to direct its efforts toward finding practical 
solutions to specific problems caused by emulsions in the 
field rather than to attempt to develop fundamental 
knowledge on petroleum emulsions in general. Most <-of- the 
work has been done with microemulsions and micellar 
solutions rather than macroemulsions. 

Some interesting observations were reported in the 
field of interfacial tension. Dupeyrat (1978) noted that 
for a fixed sulphonate concentration the value of 
interfacial tension decreases monotonically as salinity is 
increased. Similar results were found by Cooke et al as 
reported by Chan (1979). Cooke noticed that the reaction of 
caustic solutions with organic acids in ane crude oil 
resulted in the formation of soaps at the oil/water 
interface. Not only was the interfacial tension 
substantially reduced but the sand wettability was reversed 
from water-wet to preferentially oil-wet given the right pH, 
temperature and salinity conditions. Subsequently, a 
viscous W/O emulsion was produced. Chan (1979) added that 
of all parameters, the presence of salt mneathenccaussic 
solution was essential in achieving this wettability 
reversal. Salt in solution prevented solubilization of the 
soaps; in the absence of salt, the eee became soluble in 
the caustic solution and favoured water-wetting of the sand 


grains. 
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An interesting pe eenea wich was reported by Rubin and 
Radke (1980) citing McCaffery's work on alkaline 
waterflooding. His dynamic interfacial tension model showed 
that the manner in which interfacial tension increases 
beyond the local minimum value depends on the volume ratio 
of water to oil; the larger the volume ratio, the larger the 
interfacial tension. The implications are far-reaching. 
For example, in the spinning drop apparatus the volume ratio 
is between several hundred and a thousand, according to 
McCaffery. In the oil reservoir however, the volume ratio 
is between one and three. McCaffery concluded then that the 
spinning drop interfacial tension data is only indicative of 
the lowest achievable reservoir equilibrium value. 

Jones et al (1978) reiterated that low interfacial 
tension alone is not a guarantee of emulsion stability. In 
this respect their work agrees with classical emulsion 
theory. However, they noted that significant changes in 
interfacial properties occurred with aging even though the 
emulsions were kept under a nitrogen blanket. 

MacKay et al (1973) in their study of W/O emulsions 
formed after an oil spill found no change in interfacial 
tension value as the surfactant concentration was increased. 
They concluded that their emulsions were not typical and 
that the water/oil interface did not exhibit the usual 
electric double layer. 

Strassner (1968), in his study of the effect of pH on 


interfacial films and emulsion stability, reported that 
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maximum interfacial tension coincided with minimum 
interfacial film formation around a pH value of 6. 

Little attention has been given in petroleum research 
to the effect of preparation method on the _ resulting 
emulsions. Berridge et al (1968) noted the formation of an 
O/W emulsion which under vigorous agitation reverted to a 
W/O "mousse". The term mousse waS coined during the 
Torrey-Canyon incident which sent 200000 tons of oil on the 
coasts of the English channel. Choice of the word "mousse" 
waS mainly guided by the froth-like appearance of the 
water-in-oil emulsions’ obtained. This term will be used 
repeatedly throughout this study. Berridge et al (1968) 
prepared emulsions with distilled water, tap water and sea 
water; in all cases, mousses were obtained. They also 
observed that mousses made from high asphaltene content 
crude were stable for many months. Their conclusion was 
that asphaltenes play a key role in mousse formation. 

The largest contribution of the petroleum research has 
been in the correlation of emulsion stability with the 
nature of the interfacial films. Strassner (1968) 
recognized that emulsions are stabilized primarly by films. 
He determined that asphaltenes and resin fractions were 
Sensitive to pH and that this in turn affected their ability 
zO form films, Stabilize emulsions and influence 
wettability. From his study emerged four major 


observations: 
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* acid pH is moee favourable to the formation 
of strong rigid interfacial films produced 
by asphaltenes. 

* basic pH is ideal for the formation of 
mobile interfacial films produced by resins. 

* the presence of asphaltenes will render 
Silica preferentially oil-wet. 

* asphaltenes make more stable emulsions than 
do resins. 

Strassner (1968) also confirmed some well-known 
results. An acid pH results in the formation of a _ stable 
W/O emulsion with solid films at the liquid-liquid 
interface. Such an emulsion promotes oil-wetting. A basic 
PH produces a stable O/W emulsion with mobile soap 
interfacial films. Characteristically, water-wetting 
results. Note the correspondence between the nature of the 
external phase and preferential wetting. 

Jones et al (1978) added that these interfacial films 
behave as mechanical barriers to coalescence; emulsion 
Stability depends on the time required for these interfacial 
films to form. The longer the two liquids are in contact, 
the greater the stability. For North Sea crude oils, they 
found that incompressible non-relaxing films produced highly 
stable emulsions independently of the salinity as long as 
the calcium ion content was high. As an aside, they 
reported that most W/O emulsions break down when subjected 


to temperatures higher than 65°C. 
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Cratin (1969), studying the effect of pH on emulsions, 
concluded that stability was at a minimum at the phase 
inversion point. 

As a final note, Jennings et al (1974) investigating 
the caustic waterflooding process for heavy oils observed 
that a stable emulsion diluted with distilled water to a 
Caustic concentration of 0.005 weight percent (0.00125 M) 
retained all its stability. 

One can make several observations when comparing the 
classical emulsion theory as it 1s being investigated with 
pure liquids and the petroleum research as it is being done 
in the industry. The areas cee are not always the 
Same. The oil industry is not so much concerned with the 
problem of creating emulsions as it is with the problem of 
demulsification. The majority of the Oa) produced 
throughout the world is produced as an emulsion and 
separating the oil from the water has always been, so far, 
the chief goal. As a result, interfacial tension, the 
influence of mixing, and the concept of stability have been 


the three most studied areas of emulsion formation. 
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4, STATEMENT OF THE PROBLEM 

A systematic approach was followed throughout this study. 
The first parameter to be investigated was interfacial 
tension. The lower the interfacial tension between the 
crude and the caustic solution, the better the two would mix 
and the better the resulting emulsion would be. Once the 
lowest possible interfacial tension had been determined, the 
optimal caustic concentration had thus been fixed. 

The second parameter to be investigated was the 
relative volumes of crude and caustic solution (at the 
optimal concentration) needed for the resulting emulsion to 
be a single phase. This emulsion was completely defined by 
the amount of crude and caustic solution involved, and by 
Ene CONCeENtration -ot wthes (caustic) \solution. Now that a 
particular emulsion had been selected, the object of the 
Study was to thoroughly test it. 

In a field situation, this particular emulsion would be 
used to displace oil in the reservoir. In doing so it may 
come in contact not only with oil but also water. As a 
result, the emulsion may be altered by going from single 
phase into two phases or its viscosity may increase to the 
point where the emulsion would plug the porous medium. 

In an attempt to predict the behaviour of the emulsion 
in-situ, the chosen emulsion was tested by mixing it with 
various amounts of crude and distilled water. This resulted 
in a series of ternary diagrams showing the number of phases 


observed in each case (Figure 29), the water content in each 
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phase (Figure 30), and the apparent viscosity at a set shear 
rate for »each mixture. (Figures .40 “to 42). This same 
emulsion was also studied for stability under’ solvent 
addition. Four different types of solvents were tried. For 
different amounts of solvent, different reductions in 
viscosity of the emulsion were observed and _ recorded. lit 
was decided to add some solvent to the basic emulsion to 
controhcits.. viscosity; 

The last step was to take this emulsion of optimal 
composition and see how it would assist oil recovery in a 
laboratory sand pack displacement experiment. Different 
Sizes of emulsion slug were tested in two cores. The 


results were compared with a reference waterflood. 
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5. EXPERIMENTAL EQUIPMENT, MATERIALS AND PROCEDURE 


5.1 EMULSIFICATION 


5.1.1 Interfacial Tension 

In the Laight of the comments observed in the 
literature, the Du Nouy tensiometer was chosen to measure 
interfacial tension between the different caustic solutions 
and oil. The Du Nouy tensiometer provided more versatility 
by enabling the investigation of the effect of oleic/aqueous 
phase volume ratio on the value of interfacial tension. 

The principle of operation of this tensiometer is to 
exert a force on the interface between the two liquids via a 
pret iui tri d1um a ringa(see me loune 10) at “Che vpoint owhere 
the ring breaks through the interface, the force exerted via 
the tensiometer just exceedes the interfacial force between 
the two liquids. The interfacial tension can then be 
calculated by applying the proper correction factors for the 
equipment and for each reading (see Figure 11). 

There are two types of limitations to the use of this 
tensiometer. First, its reliability is greatly reduced when 
the value of interfacial tension falls below 1 dyne/cm. For 
such small values, the spinning drop method is more 
accurate. Second, at high interfacial tensions 
(corresponding to low surface-active agent concentration in 
the aqueous phase) the interface between the two liquids is 


no longer undiormiy “horizontal. “Aycusp (in the oil) phase 
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Stage 1_ Interfacial Film is Stretched 


Stage 2. Film Rupture is Impending 


Figure 10. Interfacial Tension Measurement 
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4b 1 p 
Fn ait (wee) oa +'C 


(D—d) = 
1.2- (formula from Zuidema and Waters, 
Ind. and Eng. Chem. 
vol. 13, p. 312-13, 1941). 


R = radius of ring. 


1.0 r = radius of wire. 
D = density of lower liquid. 
4O d = density of upper liquid. 
(B) P = apparent interfacial tension 
Rice 
A = 50 
0.7 
ge 
© + = 40 
0 100 200 300 400 500 600 


P/(D—d) 


Figure 11. Correction factor for surface and interfacial tension 
by ring method with 6 cm ring (upward pull only) For 
Cat# 70535 & #70545 Kruss-Dunouy Tensiometers 
(Courtesy of Central Scientific International). 


a 
{ 
~~ 
ore, § 
L 
, 
bo 
"te 
iy 
\ 
J ‘ ¥ : 
‘ ri ' 
\ : 
7 
yi 9) 
a 
et 
i \ 
#) 
S 
> ] 
beanie pe en 
ws 
; A thc 
wi) “OGE 
had he 
~® 


~ 


= 


noidnetisioeheta) Ries yi 
| _-aG. (eine: hve ara iy & 
oan aie moteneyt an td ee 


aie ‘Ag 


36 


develops and interferes with the measurements; the platinum 
iridium ring tends to slide on one side of the cusp and give 
erroneous readings. Carezul., posstioning ‘of the ring is 
necessary for it to always remain horizontal prior to 
rupture of the interface. An additional problem which 
becomes more pronounced as the viscosity of the On 
increases 1S the drag of the oil on the wire frame 
Supporting the ring. This drag delays the response time of 
the interface to an increase in force applied; it also 
decreases the magnitude of that response. The result is 
usually an overestimate of the value of interfacial tension. 
Sometimes also, a film may form between the wire frame cross 
bar and the oil surface; it must be removed otherwise the 
work necessary to create that surface will be measured by 
the tensiometer and Superimposed on eve work necessary to 
break through the liquid-liquid interface. Interfacial 
tension would again be overestimated. Nevertheless, the Du 
Nouy tensiometer gave reproducible and reasonably accurate 


results in this study. 


5.1.2 Emulsion Preparation 

Consideration was given to classical emulsion theory 
with regard to the effect of mixing time and shape of the 
blending container. All mixtures were stirred for five 
minutes at high speed in a blender; the design of the 
blender was such that the walls were very close to the 


blades of the mixer as can be seen in Figure 12: the more 
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Figure 12. Cross-Sectional View of the Inner Portion 
of the Blending Container 
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intense the agitation, the better the emulsification. The 
container was surrounded by a jacket through which distilled 
water wasS circulated; this minimizes the effect of heating 
which inevitably occurs during mixing and affects the 
properties of the emulsion formed. Table B-2 (Appendix B) 
provides the values of temperature before and after mixing 
for different combinations of crude and caustic solution. 

Because®oil*wouldistick**to- the sidesrof°'a “beaker, 
volumes could not be measured accurately. Therefore, the 
oil had to be weighed. Table B-1 (Appendix B) reports 
Sample measurements. Oil density was known from previous 
calculations and used to determine the corresponding 
volumes. 

A syringe was filled with oil and emptied prior to. the 
Start of the experiments so that the amount removed from the 
beaker with the syringe was exactly the amount put in the 
emulsion. Preparation procedure was as follows: 
te. TOO EmM1 Scot eet. Os percent “by "weight 9=(0V25.°M) sodium 

hydrexidevsoluticon® wass.dl luted’ to 731000 ml ‘of "0.10 
percent by weight (0.025 M) sodium hydroxide solution. 
2. 200 ml of crude were weighed; the weight was recorded. 
3. The weight of the amount of crude to be blended was 
determined. 
4, The volume of solution required was measured by 
pipetting it in a beaker. 
5. The solution temperature was recorded. 


6. First, the liquid with the largest relative volume was 
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poured into the blender. 

7. If this liquid was oil, it was poured until the scales 
indicate the correct amount has been added. For the 
last ml, a Syringe was used. 

8. The liquid was agitated by putting the blender on 
Pblendds. 

9. The other liquid was poured in. 

10. After the last drop was added, 5 minutes of blending 
were counted with a stopwatch. 

11. The blender was stopped. A drop of emulsion was put in 
water, and a drop in toluene. An oil-in-water emulsion 
will be soluble in water; a water-in-oil emulsion will 
be soluble in toluene. 

12. The emulsion was poured into a jar and labelled. 

13. Emulsion temperature was measured. 

14. It was left to stand 24 hours. 

15. A sample of the water-in-oil emulsion was distilled. 

16. The pH of each phase was measured (when possible). 

17. If the emulsion was stable, its viscosity was measured. 

The phase with the largest relative volume was placed 
in the blender first to ensure a more homogeneous mixing of 
the smaller volume phase. When more than two phases were 
mixed, the oleic phases were placed in first and the aqueous 

phase last. The consistency of procedure was perceived as a 

step toward reproducibility of results. The basic emulsion 

(924 —percente,scErude  fbrSvycpereent solutiongat O0udOnpercent 


sodium hydroxide by weight (0.025 M) was prepared in batches 
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of 200 ml at a time, following exactly the procedure for all 
previous emulsions. 

The mixtures were prepared as follows: 

1. The percentage of each component to be blended was 
determined: emulsion, crude oil, and distilled water. 

2. The percentage distilled water was converted to a 
volume. This volume was pipetted in a beaker. 

3. The percentage emulsion was converted into a_ weight, 
knowing the density. 

4. A beaker of emulsion was weighed and its weight was 
recorded. 

5. The emulsion was poured in the blender. To ensure -exact 
volume was added, a syringe was used for the last ml. 

6. Steps 3 to 6 were repeated for the crude oil. 

7. The blender was switched to "blend". 

8. The distilled water was poured in. 

9. The last drop was added as the stopwatch was started. 

10. Five minutes were counted and the blender was stopped. 

11. The mixture was poured into a jar. 

12. The mixture temperature was measured. 

13. The jar was labelled. 

14. The mixture stood for 24 hours before testing it. 

The order in which the three components were placed was 
maintained throughout. Crude was added to the mixture while 
the latter was at rest. The distilled water insured uniform 
mixing by passing through both layers and reaching the 


rotating blades. The water was always poured at the center 


| a nce | ee 2 
¢ Vv ra 
3 il 
a a y 
4 . : 
Ty ae oc : oa 
mp? I — : Fy: A * aes ¥ 9 
; i 
ifm 20%. stwbasnsg ‘ons -yidsess garitieicdis penta 
"em ’ 
= ; 
os 4 
a a) 
P 2 -~ — 
® ' ae aM =i © ty ben ] “Les , ; ~ nt 
~ ? re 
or 4 i 3 OS 3 me let TU eee Fe) ee 
a aes 
2th bie. 2 fo) ier ot 
j - - + *, richer 
La ' 
ep, . Sey; STL 
* . ) E e.fe atl 
ia ad % ) 
TILeh 
i Ae fy XY & x \ 
3 ~ 
Paes Oo MObneio ati, os Sete 
i ~~ 7 ra ; i i tA 
f - = A yk ~ x a 
- 
Suto St 207 Ba) Saget oe 
~~ -_ ‘ » “4 
; *< F, - a i 
: f , re ; 
os as? - — we & - 
"Wea ts ws 2Pon DF Me Bare 
MS) 4 ny a ee P. ' 
}! ' ; ¢ : ‘ 
, — aa a ‘ ==% & 
. P) wfTt ae 1S eae 
= Ee bar F 
‘ _s aT m 5 ee 
16272 esq Acre seers ap ant 2) ASAbes A 
eg ee ; 
Te Bice bY e 
: Lye a “ie, 
-boqqogs asw 4957348 a2 Bee pesnues 
f at = 4 " 
yer, s Sorts Ge 
rn " a et 
| .bssnzeaen Sey. 220 
H , ont on . 
Ae : fie) : ae 
ate F @ U ° @ 


‘ ; : aon fara Are. 
7 ; D podtess o\otii pivogiee part 

: pane a * Wet Cine oa 

o lig allt 5; one. sshgtioding oasis 2.9 
7 US IN| f a we id a i 
ane wei ae, od DaBoe es 


ar aml cee. ok 
wien tania to a ee 


“ 


41 


of the blending container, above the blades. 

The pre-mixing effect was therefore retained toa 
certain extent. This effect is always beneficial to 
emulsion stability. In this case high viscosity of the 
emulsion and of the crude oil render pre-mixing less 
effective. The composition of each mixture is listed in 
Table B-5, Appendix B. 

It is recognized that the manner in which an emulsion 
1s prepared will influence its stability to a large extent. 
Temperature, rotating speed, type of blades, size of batch 


prepared and solution composition are determining factors. 


5.1.3 Microscope Observations 

The apparatus used was a Wetzlar microscope. Useful 
accessories included an ultraviolet light source anda 
Camera mounted in parallel. 

Ultraviolet light assisted in determining the nature of 
the phases under scrutiny. Since oil appears olive green 
under such light while water becomes black, it was then 
possible to determine whether a mixture waS an oil-in-water 
Or a water-in-oil emulsion. 

The camera permitted taking pictures under normal light 
only. These pictures were used qualitatively to obtain an 
idea of the appearance of the emulsion or to follow an 
emulsion and see whether it destabilized with time. 

For quantitative Studies such as drop size 


distribution, all pictures were taken at the same high 
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magnification and enlarged to 8 in. by 10 in. prints. The 
procedure used was as follows. One drop of crude was 
diluted 50 times with a suitable solvent and placed on a 
Special glass slide and under a cover slip. When a 
representative sample was found, the microscope was first 
focused on the smaller drops and a picture was taken. 
Several pictures were then taken at different depths of 
field; each time a larger drop size was in focus. When the 
largest visible drop had been photographed, the frame was 
moved to another spot and the process was repeated until the 
number of drops photographed was judged sufficiently large 
for the population to be representative. 

The film was then developed into 8 in. by 10 in. 
prints. On each print, the drops in focus were circled with 
ink. The pictures were then sent for bleaching and came 
back absolutely white except for the ink rings. All rings 
were filled in and the pictures were sent through an image 
analyser to determine the surface area of each drop. Then 
using a computer program the arithmetic mean diameter and 
Standard deviation were obtained. 

One problem attached to these observations pertains to 
the nature of the liquid under consideration. Because the 
lamella of fluid is very thin and trapped between two large 
glass surfaces, the effect of preferential wetting will be 
quick] yuatepde. Since glass is oleophobic, dispersed water 
droplets tend to gather on the glass surface and to coalesce 


among themselves. This was observed on a few occasions but 
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it was by far the exception and not the rule. 


5.1.4 Rheological Properties 

The appparatus used was a We ieaenbera rheogoniometer. 
This versatile viscometer allows measurement of shear 
Stresses and shear rateS over avery wide range. Shear 
rates can be selected with a gearbox and communicated to a 
conic bottom platen; there are 60 different shear rates to 
choose from, and 7 different torsion bars. The Weissenberg 
rheogoniometer iS a precision cone and plate arrangement. 
The tip of the cone is truncated to avoid damage by abrasion 
to the top flat platen. This platen can be moved vertically 
and positioned at a distance from the bottom cone such that 
it would be just touching the imaginary tip. Given the 
angle of the cone, the gap between the two platen at _ the 
center of is 25,000 nanometers (25 microns). The width of 
this gap is determined by a calibrated transducer. 

A calibration curve of shear stress versus voltage 
output was established using a Can-Am Newtonian calibration 
fluid with a viscosity of 0.950°Pa-s (950 cp) for three 
different shear stress transducer attenuations (see Appendix 
Figures F-1. torr —4)). 

A new set of calibration curves must be obtained when 
the torsion bar is_ changed. An appropriate calibration 
fluid must be used. If the torsion bar is designed to 
measure smaller shear stresses, the calibration fluid must 


have a lower viscosity. The chart recordings could then be 
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interpreted and the plot of shear stress versus shear rate 
yielded the rheological behaviour of the fluid under 
consideration. All measurements’ were recorded in a 
controlled environment at 25°C. 

Shear rates are both exact and constant because of the 
gearbox selection feature. By setting the rheogoniometer 
and the electric motor on two Separate tables, the amount of 
vibrations transmitted to the bottom platen is kept to a 
minimum. Shear stresses are transmitted by the top platen 
to a transducer; the current generated is then plotted on a 
chart recorder. 

The Weissenberg rheogoniometer has many advantages over 
other viscometers. It provides the largest array of 
measurable shear stresses and shear rates. Each shear rate 
is known and constant during a run. Other viscometers, such 
as the Brookfield, have spindles of irregular shape where 
the rate of shear will be different in different locations. 
The Weissenberg also requires very small amounts of sample 
compared to other viscometers which often need 500 ml or 
more to provide an unbiased reading. Time is also saved 
during the cleaning of the apparatus and changing of the 


sample. 


5.2 SAND PACK DISPLACEMENTS 
A layout of equipment set-up can be seen in Figure 13. 
The core holders were made of two and a half inch nominal 


Size stainless steel pipe. They came in two lengths: 0.609 
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mee (2 Et) and 1.22 m (4 ft), equipped with flanges. Inlet 
and outlet ends were covered with cintered metal screens’ to 
induce a more uniform injection fluid distribution. The 
material used was a 70 to 140 mesh Ottawa sand. The crude 
oil and emulsion injected passed through a Millipore filter 
block to remove the solid impurities the fluids may contain. 
The average sand pack porosity was about 41 percent; the 


average permeability was about 13.5 Darcies. 


5.2.1 Packing the Core 

It was decided to use the following wet packing 
procedure. The core holder was closed at one end with a 
flange; water and sand were added alternately so that the 
sand poured through the open end of the core holder held in 
the vertical position would always fall through a small head 
of water. Once the sand pack was completed, it was vibrated 
for an hour to allow sand grains to settle and form a 
tighter pack. 

The advantage of this method over dry packing is that 
it reduces the tendency of the sand grains to segregate 
according to weight. A gradation of particles would then 
occur between one end of the core and the other, when in 
fact what 9.is; sought, tis ca. ungtorm distribution .of all 
particle sizes. Wet packing also removes’ the need for 
evacuating the dry sand pack and saturating it with water. 
Wet packing eventually saves both time and effort without 


jeopardizing the properties of the resulting sand pack. 
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5.2.2 Determination of Permeability 

The sand pack was then ready for testing and the first 
property to be measured was permeability. By flowing 
through at a constant rate the same distilled water that was 
used FOr packing, and measuring the pressure drop 
transmitted to a data logger by a pressure transducer, the 
absolute permeability of the sand pack was calculated using 


Darcy's equation. 


5.2.3 Determination of Porosity 

A 5 percent by weight sodium chloride brine was 
injected into the sand _ pack. Fluids at the outlet were 
collected in 50 ml glass centrifuge tubes and analysed for 
salt content using an Abbe refractometer. The cumulative 
volume of effluent produced was then plotted against brine 
concentration, yielding a characteristic S-shaped curve (see 
Figure 14). By balancing graphically the areas above and 
below the curve the pore volume was determined and porosity 
calculated accordingly. Data for each sand pack is recorded 
in Table G-4, Appendix G. Graphical representation of the 
results for cores #4, 5, and 6 is presented in Figure G-1, 


Appendix G. 


5.2.4 Displacement Procedure 
After the sand pack properties had been determined, 
heavy oil was injected to displace the brine by drainage via 


a positive displacement Ruska pump. The sand pack was held 
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Figure 14.: Pore Volume Determination 
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vertical and heavy oil was injected at the top; oil being 
lighter than brine, the interface between the two liquids 
during displacement was as horizontal as it could be, 
ensuring an efficient and stable displacement. The effluent 
was collected in 2000 ml graduated cylinders and drainage 
was continued until the amount of aqueous phase produced 
represented less than 2 percent of the effluent. The brine 
Waceethen at tts irreducible saturation. The volume of oil 
in the sand pack could be calculated knowing the pore 
volume. Initial sand pack conditions are shown in Table 
G-3, Appendix G. 

The emulsion slug was then injected in the porous 
medium in the same manner and driven by a Suitable 
waterflood. When this water broke through, the emulsion 
flood was continued and the oil production history 
determined through analysis of effluent samples collected at 
regular intervals in centrifuge tubes. The experiment was 
Stopped when the oil fraction collected in the effluent 
dropped below 5 percent. Oil recovery from various emulsion 
floods were compared with that for a standard waterflood 


conducted at the same injection rate. 
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6. ~DISCUSSION OF RESULTS 


6.1 INTERFACIAL TENSION 

Three series of runs were performed at three different 
volume Tatios. Invalk three series, it was observed that 
the interface between the two liquids was cusped for sodium 
hydroxide concentrations of 0.00 to 0.05 percent by weight 
(0.00 to 0.0125 M). At higher concentrations, the interface 
was horizontal. 

A large decrease in interfacial tension was noticed in 
each case as sodium hydroxide concentration increased to 
0.10 percent by weight (0.025 M). Surface-active agents 
present in the oil have reacted with sodium hydroxide in the 
water to form soaps at the interface between these two 
liquids. Presence of small amounts of these soaps lowered 
interfacial tension considerably. 

In Figure 15 it can be noted that interfacial tension 
is very low and constant for all concentrations higher than 
0.05 percent by weight (0.0125 M). The oil ,toj “caustic 
solution volume ratio is one to three. 

Figure 16 shows that even if some data scattering 
occurs around the minimum, the trend at higher 
concentrations is toward increasing interfacial tension at a 
one to one volume ratio. Figure 17 shows that even if there 
is a minimum value at 0.10 percent sodium hydroxide by 
weight (0.025 M), the interfacial tension keeps dropping as 


Concentration volume increases, for@f¥an oil to caustic 
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solution ratio of three to site 

Figures 15 and 17 show an anomalous’ observation: 
interfacial tension at 0.010 percent (0.0025 M) is higher 
than at zero percent sodium hydroxide concentration. These 
runs were repeated a maximum of five times and yielded 
consistent values. The mechanism for this peculiar 
behaviour was not elucidated. It is generally conceded that 
the reaction of surface-active agents with caustic solutions 
to form soaps lowers the interfacial tension. Given a fixed 
interfacial area, the higher the caustic concentration is, 
the more soaps are generated by reaction and the lower the 
interfacial tension becomes. Similarly, the lower the 
caustic concentration is, the larger the interfacial tension 
should be. Ultimately, when no caustic is added, the 
interfacial tension should be at its highest value. This 
observation is verified in Figure 16 but not in Figures 15 
ance ly. 

Symonds (1980) reported that the interfacial tension 
between caustic solutions and the Wainwright crude passed 
through a minimum and then increased with increasing caustic 
concentration. Figure 15 shows that Symonds' observations 
are duplicated only when one volume of crude oil is used 
with three volumes of caustic solution. 

To put into better perspective the variation of 
interfacial tension values with changes in crude to caustic 
solutiony volumeiatratio; atenoss “plotwof'Figures: 15%) “'6e*and 


17 was performed. For each caustic concentration, 
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interfacial tension was a eee asvawiunctron) of | ivoLlume: Hot 
crude used (Figure 18). A family of S-shaped curves was 
obtained, indicating that interfacial tension was a_ strong 
function of crude to caustic solution ratio. 
For concentrations below 1.00 percent by weight (0.25 
M) caustic, all the curves follow a similar pattern. At all 
concentrations, the meaSurement of interfacial tension is a 
strong function of the relative amounts of crude oil and 
caustics solution® “uttliged. The caustic concentrations 
exhibiting the lowest interfacial tensions are: 
25 percent crude oil by volume: 0.10 percent 
caustic by weight (0.025 M) 
* 50 percent crude oil by volume: 2.00 percent 
caustic by weight (0.50 M) 
* 75 percent crude oil by volume: 1.00 percent 
caustic by weight (0.25 M) 
Caustic concentrations between 0.05 and 0.15 percent (0.0125 
and 0.0375 M) produce similar curves within an interfacial 
tension) range of + 0.50 dyne 7 ecm for a! crude fraction of 75 
percent (see Figure 18). There is therefore allowance for 
possible fluctuation in caustic concentration. On the other 
hand, the curves for caustic concentrations between 0.01 and 
0.05 percent (0.0025 #and 0.0125 mM) do not fall within any 
Narrow range. Simiderily, «the curves for 1.00\ and 2.00 
percent caustic solutions are very different and do not 
allow any fluctuation in caustic concentration without a 


drastic change in interfacial tension. As a matter of fact, 
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Figure 18. Interfacial Tension between Eyehill Crude Oil and Caustic Solution. 
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the values of the interfacial tension for the 2.00 percent 
Solutvoneeat Ve25meandat7S ipercents jcrude toil rbycvolumetifall 
within the range of the 0.05 to 0.15 percent solution. In 
other words, at these oil fractions there would be no 
advantage in uSing a 2.00 percent instead of a 0.10 percent 
cauStic solution. 

In addition, the stable emulsions contain at least 90 
percent crude by volume, and while the 0.05 to 0.15 percent 
caustic (0.0125 to 0.0375 M) curves seem to flatten after 
the 50 percent oil by volume mark, the 2.00 percent caustic 
(0.50 M) curve shows a rapid increase in interfacial 
tension. 

Similar observations were made by McCaffery as reported 
by sRubinteand sRadken(1980):2 ieAs (repomted in uthe rliterature. 
review, he noted that interfacial tension depended greatly 
on the phase volume ratio. For a ratio of three volumes of 
caustic = solutionmsto “one » volume ‘of crude onl where 
interfacial tension did not increase with increasing caustic 
concentration, the results are in agreement with those of 
MacKay et al (1978). 

Other observations were reported by Rubin and Radke 
(1980). They found interfacial tension was also a function 
of time, ratio of interfacial area to oleic phase volume, 
and adsorption/desorption rate constants. All these factors 
can have a sufficiently large effect to cause variation of 
interfaciiia he ltensvonmavalues teby dtewow to fthree:q onders mot 


magnitude. Figures 5, 6, and 7 from Rubin and Radke all 
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indicate that as the amount of oil used decreases (i. e. as 
the phase volume ratio increases) the interfacial tension 


between the two liquids increases. The trend observed in 


Figure 18 is the exact opposite; interfacial tension 
increases as the amount of oil used increases. No 
explanation is given for that behaviour. It should be 


noted, however, that Rubin and Radke used mineral oil as the 
oleic phase and that they used a known amount of oleic acid 
as the surface-active agent. The Eyehill crude, by 
comparison, is a complex mixture of hydrocarbons and may 
contain different acids in different concentrations’ the 
combined action of which would be responsible for the 
observed behaviour. In both instances interfacial tension 


is shown to be a strong function of phase volume ratio. 


6.2 EMULSION PREPARATION 

The single most important factor was certainly the high 
connate water content of the crude; it decreased the anaheey 
of the crude to accept more water coming from the sodium 
hydroxide solution. Table B-3 (Appendix B) shows that the 
water content of the W/O phase is (with minor exceptions) 
around sixty percent and does not fluctuate significantly 
when the fraction of crude incorporated in the preparation 
increases from ten to one hundred percent. Unstable 
emulsions separated readily into two phases. A smaller 
volume of solution has a better chance of forming a_ single 


phase emulsion than a larger volume. 
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The curve in Figure 19 indicates that up to 85 percent 
crude, the volume of crude utilized equals approximately the 
volume of water-in-oil emulsion formed. This means the 
crude refuses to accept water coming from the caustic 
solution. The resulting W/O emulsion was merely a churning 
of the original crude with the fifty nine percent connate 
water it contained. 

Either free water was produced along with the oil and 
connate water emulsion, or the crude was produced as an 
emulsion and part of the connate water separated with time. 
Upon shaking, the water recombined with the oil and the 
resulting emulsion showed no further acceptance of water 
coming from the caustic solution. Alternatively, when some 
of the connate water fseparated with= time, the resulting 
crude could accept a limited amount of caustic solution as 
testified by the question marked data points in Figure 19. 

The 70 percent crude oil emulsion which seemed to be 
Stable after the first series of preparations (see Figure 
19) was shown to separate into two. phases. As thard 
preparation was conducted which confirmed the instability of 
this emulsion and the reproducibility of emulsion 
preparation by this method. The striking phenomenon was 
that for small volumes of water-in-oil emulsion, blending 
with*caustic SolLutzon aidienot. result. anj.an orl-in-water 
emulsion. | Instead, the original emulsion remained as 
water-in-oil and excess caustic solution was left unused. 


Emulsion theory would have predicted an emulsion inversion. 
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Figure 19. Effect of Crude Content on W/O Emulsion Formation 
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It seems that for this petroleum emulsion, the type in which 
it CCCUrS Fm wenliwaver-in-oOrli ) 91s | tsi) ’most “Stable 
arrangement. It will not abandon this arrangement under 
agitation or addition of electrolyte or application of heat. 

The only way to make the crude comply with emulsion 
theory would be to remove the connate water it contains by 
vaccuum distillation. Then emulsion inversion will be 
observed upon addition of excess dispersed phase liquid. 
However, the nature of the original oil will have _ been 
altered significantly in the process because the ions 
present in the connate water would transfer as solids to the 
oil phase upon vaccuum distillation, as mentioned earlier. 
Distillation of the water-in-oil phase confirmed that 
caustic solution and crude did not mix very well even if the 
consumption of sodium hydroxide increased as the amount of 
oil present increased. 
| As the crude content increased, visual observation 
revealed that the consistency of the water-in-oil phase 
changed abruptly from that of a gel (up to 50 percent crude) 
to a less viscous state (60 percent and up). 

The difference in pH between the two phases was fairly 
large(see Figure 20). The oil-in-aqueous solution curve 
shows a progressive decrease in pH with increasing percent 
crude oil - above 30 percent crude by volume. This can be 
related to the caustic consumption by oil. The aqueous 
solution-in-oil curve exhibits a downward sloping trend but 


there is much scatter in the readings. Tabulated values of 
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Figure 20. 
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pH for Figure 20 are listed in Table B-4 (Appendix B). 

An emulsion was prepared using 10 percent distilled 
water instead of 10 percent of 0.10 percent by weight sodium 
hydroxide solution (0.025 M) in an attempt to determine the 
role of caustic in emulsion stability. The distilled water 
and crude oil mixture proved to be of low stability and less 
homogeneous than the emulsion prepared with caustic. 

It was observed that all emulsions containing more than 
90 percent crude were single phase emulsions. A search was 
conducted between 85 percent crude (two phases) and 90 
percent crude (one phase) emulsions to determine the point 
at which the first single phase emulsion could be formed. 
The 87 percent crude emulsion was prepared twice and came 
out as one phase in each case. But the 86 percent crude 
mixture behaved differently (see Tabie ie) ‘Out of the three 
samples prepared, one exhibited large drops of caustic 
solution on the walls of the container-twenty four hours 
after preparation-, the other a very. shallow caustic 
solution zone. at. sthee botrome ‘andutherthird. two distinct 
phases. This emulsion was then regarded as being on _ the 
very border between stable and unstable preparations. It 
was classified as unstable. Therefore stable water-in-oil 
emulsions contain at least 87 percent crude (35.6 percent 
Oil). The 100 percent crude emulsion (41.0 percent oil), 
prepared one month earlier exhibited black pits on the wall 


of the container as a sign of instability. 
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Optimal Composition Selection 


Percent 
Crude 
86.0 
86.0 
86.0 
87.0 
87.0 


TABLE 1 
Emulsion Number of 
Temperature,C Phases 
3080 2 
305 2 
32).:0 2 
3.0". 1 


30% 


64 


65 


Water extraction confirmed the stability of 90 percent 
crude (one-and-a-half months old) and 95 percent crude (one 
month old) emulsions. Distillation showed the water content 
was the same at the top and the bottom of the container 
(i.e. no separation occurred). Results of these water 
extractions are shown in Table D-1, Appendix D). The 
percentage water for the 90 percent crude emulsion was 
consistently lower than a-month-and-a-half earlier (57 
against 65 percent); the 95 percent crude emulsion. gave 
comparable results one month apart (61 versus 60 percent). 

Since a 50 percent variation was allowed in the sodium 
hydroxide concentration, (See Paragraph 5.1.1 Interfacial 
Tension) the same margin of safety was allowed for the 
caustic solution content. The maximum amount of caustic 
solution the emulsion may contain was 13 percent. It was 
determined that an emulsion containing 8 percent of 0.10 
percent by weight (0.025 M) caustic had an appropriate 
margin of safety against phase separation. Confirmation of 
the optimality of the 92 percent crude and 8 percent caustic 
solution at 0.10 percent concentration (0.025 M) was 
obtained through continuous testing as shown in Table D-2, 
Appendix D. 

The formation of extremely small water droplets upon 
mixing could have been predicted from emulsion theory. The 
combination of a narrowing of the container close to _ the 
blades anda very large difference in viscosities accounted 


for the difference in velocities necessary to the creation 
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of a large interface between the two liquids. 

The W/O emulsions formed can all be classified as 
"mousses", following Berridge et al (1978). This seems to 
indicate the asphaltene content may be high. Oil analysis 
showed an asphaltene content of 11.6 percent by weight. The 
analysis was conducted in accordance with the procedure 
reported by Speight (1970). Asphaltene content may dictate 
the nature of the interfacial film formed and hence, 
emulsion stability. 

Appendix A contains a water analysis report from the 
Department of Agriculture on the connate water produced with 
the Eyehill crude. This report revealed a large quantity of 
solids and ions in the water. These solids and ions would 
also contribute to the emulsion stability by playing a role 


in the formation of the interfacial film. 


6.3 MICROSCOPE OBSERVATIONS 
Several emulsions were studied as they aged. These 


results are reported here along with comments. 


6.3.1 Crude Oil 

Crude oil appeared as a mass of medium-size water drops 
embedded in the oil (See photograph in Figure 2b. 
Observation under ultraviolet light confirmed that the oil 


was the continuous phase. 
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6.3.2 Crude Oil with a Drop of Sodium Hydroxide Solution 

A drop of sodium hydroxide solution was added to a drop 
of crude and the reaction between the two was observed under 
the microscope. Before the drop was added, water drops 
moved freely past one another. After the addition, the 
water drops tied into chains and became immobile. 

Under the cover slip, the sodium hydroxide solution 
formed large drops. The oil seemed to absorb the _- solution 
by sudden movements. No new water drops were observed 
forming but some drops on the edge of the envelope remained 
in direct contact with the solution. Some isolated drops of 
crude surrounded by caustic solution became increasingly 
crowded with small water drops, acquiring the gel-like look 
efnthesemulsionsewhilesthepbulk of theyicrude .fcetaimed: (its 
Original medium-size water drops. 

The caustic solution was certainly lowering the 
oil-water interfacial tension but the time it took for the 
caustic to take effect was far greater than the time allowed 
for emulsification during the standard runs (five minutes). 
It could be that a parameter other than the presence of 


Caustic played an important role during emulsification. 


6.3.3 100 Percent Crude Oil Emulsion 

To prepare a 100 percent crude oil emulsion, the 
Original Eyehill crude containing fifty nine percent water 
in the form of dispersed drops was stirred for five minutes. 


This action resulted in a decrease in water droplet size 
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(see Figure 22). Some larger-size water drops were observed 
in a mass of flowing gel-like substance which could very 
well be described as very small water drops in oil. An 
emulsion different from the original crude could have formed 
during the blending process in the absence of sodium 
hydroxide. The drops formed by addition of sodium hydroxide 
under the microscope (Paragraph 6.3.2) were not as small as 


these. 


6.3.4 90 Percent Crude Oil Emulsion 

To obtain a 90 percent crude oil emulsion, nine volumes 
of crude containing fifty nine percent connate water were 
blended with one volume of sodium hydroxide solution 
containing 0.10 percent caustic by weight (0.025 M); (see 
Figure “i237, All the water drops were about the same size 
and were attached to patches of a gel-like substance. A 
patch was isolated and appeared to be essentially oil under 
the ultraviolet light. If it contained water drops, these 
were either too small to reflect light or too numerous to be 
Singled out. Under the pressure of the microscope lens on 
the cover slip, the gel-like substance would move and return 
to its initial position upon release of pressure. This 


resilient substance would not break. 


6.3.5 70 Percent Crude Oil Emulsion 
Blending seven volumes of Eyehill crude with three 


volumes of caustic solution containing 0.10 percent sodium 
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hydroxide by weight (0.025 M) resulted in a 70 percent crude 
oil emulsion. This emulsion was unstable and readily 
separated into a water-in-oil emulsion and an aqueous phase. 
The water-in-oil emulsion was observed under the microscope. 
Undiluted or with Varsol as a solvent, the same gelatinous 
Substance could be seen. Two pictures were taken; (see 


Figures 24 and 25). 


As noted previously, the microscope study confirmed 
that the dnitial oil was already an emulsion. As this 
emulsion was agitated, the water drops must have decreased 
in size. 

It became apparent that the possibility for this 
substance to accept’ additional water or even caustic 
solution was very limited. As the water drops decrease in 
size, the sum of their surface area increases, taking the 
ability of the oil to remain the continuous phase to its 
1m. bs It was not until the crude oil formed 87 percent by 
volume of the emulsion mixture that the totality of the 
water and caustic solution was merged to form a single phase 


stable emulsion. 


6.4 Aging of Emulsions 

Rubin and Radke (1980) reported a variation. of 
interfacial tension with time. Earlier, McCaffery (1976) 
investigated the aging behaviour of some Wainwright crude 


oils against caustic solution and reported a very large 
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Figure 25. 70% Eyehill crude 30% NaOH solution 1750x 
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increase in interfacial tension with time. If such changes 
occurred at the interface between the two liquids, then the 
behaviour of the emulsion would change, independent of 
whether it was stable or not. With time, oxidation of the 
crude is also likely to occur, resulting in an increase in 
emulsion viscosity. Aging would also occur in-situ and it 
would be useful to predict what changes would take place and 
whether nese changes would affect emulsion stability. 

There are several common methods of determining 
emulsion stability. Zeta-potential provides a measure of 
the stability of an emulsion. However, the method requires 
a conductive continuous phase to be effective: it should 
work=for‘o1l—in-water emulsions ® but ® not for’ water-in-oil 
emulsions which are the object of this. study. Other 
investigators, both in the laboratory and in the field, have 
used zetameters to measure the stability of petroleum 
emulsions and obtained random predictions or inconclusive 
results. Use of zetameters to predict emulsion stability 
comes from the field of biology where it has been quite 
successful; it seems however that the method cannot be 
applied directly to petroleum emulsions. Visual observation 
of an emulsion can sometimes reveal a creaming or 
flocculation phenomenon. In this case however, because of 
the ’"very* high® viscosity Por’ *’the "continuous phase, "these 
mechanisms cannot be observed within any reasonable time 
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Another method consists of uSing photographs of the 
emulsion to determine the drop size distribution of the 
water drops. A change in drop size over a time interval 
means coalescence of the drops and thus instability. But 
the drops were so small and numerous in all the emulsions 
prepared that their measurement was not technically 
feasible. 

The original preparations were observed for signs of 
instability. It should be realized that instability is much 
more: idifficulte® ctoolodetectvefor heavy oils than fox 
conventional oils. Because of high viscosity and almost 
equal densities, gravity segregation is very unlikely to 
occur within a reasonable time frame at room temperature. 
Because of the extremely small droplet size, coalescence can 
only be appreciated under the microscope once the droplets 
are in the visible range. The problem is further compounded 
by the fact tHat it has not been possible to dilute: these 
emulsions by any solvent, for easy observation under’ the 
microscope. All of the reported observations are therefore 


only qualitative in nature. 


6.4.1 75 percent Crude Oil Emulsion 

Three volumes of Eyehill crude were blended with one 
volume of caustic solution containing 0.10 percent sodium 
hydroxide by weight (0.025 M); see photographs in Figures 27 
ahaerc2s. Oil separated at the surface and formed a film. 


Below it the W/O phase retained its mobility but a dark band 
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developed on the walls of the container thereby showing a 


certain degree of instability. 


6.4.2 Crude Oil 

Drop size distribution analysis was performed on the 
wellhead crude at a one year interval. Following the method 
described in Chapter 4 (Paragraph 4.1.3), the surface area 
distribution was obtained (see Figure 26) and the average 
drop diameter calculated (see Table C-1, Appendix C). 

In 1981 the drop size was uniform throughout the sample 
with an average value of 7770 nanometers (7.77 microns). In 
1982, even though no change in the appearance of the sample 
had occurred, beans, eh ies of the o11 and water had begun. 
wihewtop of the sample “had ~ (become oil-rich, and contained 
smaller water droplets (average diameter: 1690 pneme dr é or 
1.69 microns). The bottom of the sample showed more water 
drops of larger size (average diameter: 9840 nanometers or 
9.84 microns). 

Figure 26 shows the surface distribution for the crude 
in 1981 (solid line) and for the top of the sample in 1982 
(dashed line). The distribution iS seen to shift from 
smaller amounts of larger surface area drops to larger 
amounts of smaller surface area drops. The equivalent 
percentage reported on the vertical axis is the fraction of 
the total number of drops falling within a drop surface area 
interval. Because these fractions or percentages were 


applied to intervals of vastly different sizes it became 


_ 


5 oniwoce ydesedt pantggnos day tei ai sem) 


aes ; a e Ra ANE 


| oe hdol al 
afd qa fenotxeq esv steyiaage sgisuddyaale | 
borage od? patwollo® Vievaesni xeot.eno a 38 T 
5978 enehse, ad? ,fh.l Vea tiqeipe +89) » yedqnda a 
saisititaaee sid. tne las espe gon} hantaide, am ab 


4D xinaaagé (tod, sidet enah/bgtemgoten ney ° 


‘ olewie ets dpodpperse? mre d ft ce. gev arse goad vas: } roe es i 


i  Ganenceli OS D0 eeparodeb ONE: de bu lay pears 
skomns od 26 pangnbos, a4 Ai! pred me mations 
opdved ‘bert, an Bae Did out, te notteregaa. lh 
Esoietnon ne. Heeerdis stoped be. stata ate 
\o srateomianan 08 esis epaneve) eseiqaah " 
Tate «som | Pewoda.P LQ oft 20 mended acy irs | 
o dtesemonnn OBR isesemmeb. pee aaa 3 Y 
a Peo nt ile’ “4 ie: = 

shure edt 08 ona such inks eoadwe. aaid\evorta 2 

ceet ot oiames ‘eng 26 qot ad? 208 Boe (9eil bisom , 

mora t21ts od ashe et aoisudiazeib eit toate bedaanl 
1ep:8. o7 agenh  #eTA gosiiue.  gogwal be esnvotie: xeL Laem 
srelquaige eat aeons sete,’ sete aue teLtame, « tapas, f 
% neitoes? sefy et eixe Lgnkeaiew Sts one kerr0qes » A ae 
bexé Soatius gash 6 nadgiv, pot Rtah ees he todmuen besot 9 


angv aes 1nSRans 30 


i 7 
ath 3 Pra... 


any: as ie ee 


76 


000001 


zw ‘Ol x Bay soBYNS doiq 


ooo0l ooo OOl wel 


Lee ee ee ew ew ew ew ew ewe ew ew ew ew ew ew ew we ew ew Ze eK 


Z86l ---- 
1861 
apnig j!4uaAy eke 


UOIINGUISIG 8Z1S dog 


palma See or Spe 7 coding reed naar 
I 
I 


UOIINGIISIG 8ZIS dog UO SWI] JO JOANNA: gz anbl4 


© 


NN 


Ol 


of 


aG6elUusdeY JUa|eAINDZ 


ie 
i 
~ vi yj 
tf 
it 
a 
: <7 
aa 
& ih 
a“ A 
i ; 
oom 
ae 
W2 in| 
*) rey 
“yy } 
t 2 
bo 
ve Fi : 5 Ae 
‘ j } 
oe we? al wy 
vy i 


- i 
- | + J 
ry 
bin > , | 
wae 
Pi wi Me | ‘ = 
eS os wed aris id ll  emenen errwe > Hl 
2 ‘ i = ' : ; 
oo ve + ¢ ny 
t ; ft | aE, wh Hh)» tn the 
& i i Hot id ; P as 7 aay F 
- 7 
é ie : _ J , t s } : Vn 
a | , i ] i et , 7 
ia) 


” secede cmon at | gee eee om, reper een 


L L, i. x ‘ \ 
i 7 iT Ww > ee : “8 is 
as Lax vit a aT Ey : i een yyyetionts. & 
foe we tatiee Jae eempomant - Ehhtacanionsdommmean kate lyme ite i a so a i ra aa ‘ nee 
| j ‘ - a : ete ad a Asa : 
‘ , ep eh ns 
vw F wa ; Le - 
fo AA be wo — le oe oe : ane a we 
boat | ; tot. ae 
eae 


} ; ¥, Do 
Of es | Hd | 
| ue Y Lis Pap rh ott 
Lon pees ageing = ae ae mele 
a . Ye 
Pree Lk A saad inn a 
i ; Tt T! 


Th 


NaOH solution” 175x sone 


25% 


Eyehill crude 


75% 


27% 


Fagure 


month after preparation 


. i) o 
; ‘ Lyi: 
dar Poe Cai 


f 


ran 


* 


oo 
* 


+; 


1750x one 


10n 


solut 


NaOH 


il ferudenZ>% 


75% Eyehi 


28 


Fugure 


month after preparation 


a a4 i is ts P 
ee ,Y y ; 5 a i ' 4 4 - 


eU3' foltuloe 


\ no Fy egaqa’ry 
a) Tes | 


78 


necessary to correct these values so that the area under 
each bar of the graph was a true reflection of the 
cumulative surface areaS observed within the surface area 
interval under consideration. 

In conclusion, the wellhead crude emulsion showed signs 
of instability over a period of a year. Single phase 
emulsions exhibited no visible sign of instability. The 100 
percent crude oil emulsion showed signs of instability even 
though it was a single phase. It seemed that the absence of 
caustic was responsible for this behaviour; caustic clearly 
played a role in the long term stability of the emulsions. 
Mechanical agitation by itself was not sufficient to ensure 
Stability through significantly smaller drop size. High 
viscosity was not a barrier to phase separation but simply 


Slowed the process. 


6.5 RHEOLOGICAL PROPERTIES 

To predict the: behaviour of the emulsions it was 
necessary to gain some insight into their flow properties. 
Some emulsions were studied as_ such; others were tested 
after blending with various amounts of distilled water and 
crude oil. The composition of each’ of the different 
mixtures is shown in Table B-5, Appendix B. Some mixtures 
came out as a single phase, others as two phases. The 
number of phases and nature of each phase is shown for each 
mixtore ineéTableep=4,lAppendixeDs* The results: were= plotted 


Onetareterndny ndiagramyg (Figure #29). All phases were 
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determined at the points indicated in the graph. Therefore, 
the dotted lines separating the regions are only indicative 
of the different areas. OnewananarroWwe Strap.) 7O1ning a the 
Emulsion and Crude Oil apexes, resulting mixtures are single 
phase. Mixtures 6; 16, and 25 are in the regions where both 
a W/O emulsion and free oil were observed. Mixtures 5, 9, 
and 11 are in regions where three phases (water, W/O 
emulsion, and oil) were noted. All the other mixtures were 
in a two-phase region (i. e. water and W/O emulsion). This 
graph shows that the chosen emulsion (92 percent crude, 8 
percent caustic solution) mixes with distilled water to a 
limited extent. Such “behaviour has an -impact.. on the 
quantity of aqueous phase present in the W/O emulsions. 
Samples’ of this phase were extracted from each mixture and 
the water content was calculated and tabulated as 
percentages in Table D-3, Appendix D. These values were 
then plotted in Figure 30. The maximum variation in water 
content from one emulsion to another was found to be 15 
percent. The diagram was separated into three zones 
arbitrarily but no definite pattern of water content as a 
function of mixture composition emerged. Comparison with 
thew) graph in Figure (29 failed seovsnow any correlation with 
the number of phases. It remains unclear why the water 
content of W/O emulsions was not linked to mixture 
composition or number of phases present. It would have been 
logical to expect larger water contents for mixtures 


prepared with increasing amounts of distilled water. 
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The rheology of the W/O phase of each mixture was then 
studied separately. ~ Data for the original Eyehill crude is 
reported in Table E-1, Appendix E. Apparent viscosity data 
for most mixtures is shown in Table E-2, Appendix E. Shear 
stress .and shear rate data are shown in Table F-1, Appendix 
F. Some emulsions were investigated over a wide range of 
Shear rates. As the viscosity increased from mixture to 
mixture, the number of possible measurements decreased. 
Only those samples with four or more readings were graphed. 
These graphs on log-log scale show that most mixtures (see 
Figure 31) including the optimal emulsion (Figure 32) seem 
to follow a power law fluid model with exponent smaller than 
1.0 (pseudoplastic fluids). Value of the flow index and 
consistency index were calculated using a linear regression 
technique (see Table F-2, Appendix F). Sample 6 does not 
follow a power law fluid model and starts to exhibit a 
different behaviour for shear rates approximately greater 
than 10 reciprocal seconds (Figure 33). \.Attempts.were made 
EOm plots the: sdactau now egsamples 5, 6, andi on different 
Scales (figures:347 sisampte.) 5 ,only “in” Figure’ 935)) Qwith 
inconclusive results. Similar attempts were made for 
Samples 6 and 11 (see Figures F-9 and F-10, Appendix Eee 
was concluded however, that all W/O emulsions studied here 
were non-Newtonian. 

The rheology of such fluids is defined by a consistency 
index, Ke and 2 flow index, nm, such that 
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Figure 32. Optimal Emulsion Rheology. 
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where t is the shear stress in pascals;, and o is thespate of 
shear in reciprocal seconds. For fluids such as the optimal 
emulsion (Figure 32) one set of K and n values is sufficient 
to describe its rheology for a wide range of shear |ratess 
For others-such as mixtures 5, 6, and 11-the shear stress 
versus shear rate relationship does not plot as aé_ straight 
line. Nevertheless, the curve could be approximated by a 
Semes of Stralgnt, lines. ‘Por each segment, one’ sety (of K 


and n parameters would describe the flow properties over a 


small range of shear rates. Hence mixtures 5, 6, and 11 
were not totally Gifferent in behaviour from other 
non-Newtonian mixtures. Linear regression analyses 


indicated that the consistency index of samples 16 and 17 
was extremely high (see Table E-2, Appendix E). 

It should be noted that the evaluation of the flow 
index n, and of the consistency index K, is dependent upon 
the equipment with which shear stress oad shear rate are 
measured. The parameters obtained using the rheogoniometer 
would have to be corrected prior to predicting emulsion 
behaviour in a porous medium. Still another set of values 
for n and K would be required to describe emulsion flow ina 
Dipe. Flow and consistency indexes are model-dependent. 

Apparent viscosity was then plotted as a funetion os 
shear rate for samples with four or more readings (Figure 
Gs) ee All the curves show decreasing viscosity with 
increasing shear rate. Samples with the highest viscosity 


at low shear rates show the greatest decrease in apparent 
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ViSCOSity ~ For shear rates greater than approximately 10 
reciprocal seconds, the rate of decrease of apparent 
viscosity with shear rate seemed linear and identical for 
Samples (6,. (ino and 25. samples 5, 99 and the optimal 
emulsion also exhibit linear decreases in apparent viscosity 
beyond some high shear rate as shown in Figures 37 to 39. 
Tis shear irate 1S mot the same for all mixtures. Such 
behaviour iS commonly observed with emulsions. The change 
imetate of “decreage of apparent viscosity could (be an 
indication of a change in structure of the macroemulsion. 
Water droplets which could remain as aggregates at low rates 
of shear became gradually dispersed at higher rates until no 
further dispersion could occur. Some Samples showed 
time-dependent behaviour at high shear rates. Shear stress 
would start at some high value and then drop in a hyperbolic 
fashion, ~duplicating. to some extent the’ shape (of jp the 
apparent viscosity curves. Loacial ‘and’ final. ‘valuesp ct 
shear stress for these samples are reported in all tables 
and graphs. In the tables both values of shear stress are 
listed: in the graphs both values of shear stress are 
plotted at the same shear rate. 

Three sets of ternary diagrams were determined at three 
different shear rates. Their purpose was to assist in 
predicting how the optimal emulsion would behave as it 
encountered varying amounts of crude oil and/or water in the 
reservoir. Distilled water was used throughout to provide a 


reference data base. The single most important result was 
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that mixtures prepared with at least 30 percent water most 
likely resulted in a gel or otherwise very high viscosity 
W/O phrase. (1007) 1Pasor, 100000" cp). ' This can. be teen in 
Figures 40 to 42. Also, resulting mixtures all had apparent 
viscosities far higher than any of the three basic 
components (emulsion, distilled water, crude oil). Zones of 
Similar apparent viscosity were not continuous. It was 
therefore not possible to say for example that for a_ fixed 
water content, any combination of emulsion and crude oil 
would yield moderate viscosities (relatively speaking). 

Note that preparation #5 in Figures 40 to 42 had 
substantially lower apparent viscosity than its 
neighbors-for the same distilled water content. Other 
threesphases’ mixtures arepreparations #9 and.#1 “and! itwcan 
be seen on all three apparent viscosity charts that their 
apparent viscosities were systematically lower than those of 
the Surrounding mixtures. There seems to be some 
peculiarity attached to three-phase mixtures’ for this 
Particular crude oil. AS a reminder, by three-phase mixture 
is meant a preparation where after thorough mixing in 
accordance with the procedure developed in Chapter 5, three 
distinct layers (oil, emulsion, and water) were observed. 

Finally, among preparations in which two phases 
resulted, emulsion-water mixtures showed substantially 
higher apparent viscosities in the W/O phase than did their 


emulsion-oil counterparts on all three viscosity charts. 
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6.6 SOLVENT EFFECTIVENESS 

The purpose of the solvent was to reduce effectively 
the viscosity of the chosen stable emulsion to a level at 
which injection would be feasible. Different solvents were 
used in different concentrations to assess both their 
effectiveness and their impact on stability. In the first 
series of trials, four solvents were considered: toluene, 
Varsol, benzene, and xylenes. Aromatics were chosen. because 
they would not precipitate asphaltenes. Results are shown 
in Table E-3, Appendix E. 

The first two solvents were soon discarded because even 
at low concentrations they destabilized the emulsion within 
forty eight hours. The remaining two were further tested. 

It was observed that as the solvent concentration was 
increased, the rate of drop in apparent viscosity with 
increasing shear rate decreased. Figure 43 exemplifies this 
for the case of benzene. Data for Figure 43 is listed in 
Table E-4, Appendix E. The mixture became closer and closer 
to exhibiting Newtonian behaviour as the amount of solvent 
added increased. At the same time, the value of viscosity 
decreased sharply with increasing solvent content. Beyond 6 
percent solvent, the gain in fluidity with increasing 
solvent concentration also decreased rapidly. 

Both benzene and xylenes' performed equally well as 
aromatics in the viscosity reduction process as _ shown in 
Figure 44, Data for Figure 44 is listed in Table E-7, 


Appendix E. Xylenes have a larger molecular weight than 


2a SAE: a aes ci he eee. 


7 \. ce a bait 


+ inerrisoasen a8 23 


yisvitosiis eavbs1 of eaW dasetor ‘ets ) sc tueees 


boing are 
ae “ . ae a - i 3 
Pa ese, _o2 notalums sidege nerodo edd 26 vite 
: — | 
ravioa taexzei ic alores2? sd Bisow fhersos 
rs nes i 
P he ~eTAtF 
PSS9aS3€ 6: M1orctTaeLIrssonocs. INS tstiaso 
ea > : - 
, : ane ee eels ey fy - - 
io i ‘$£, $4898 AG Fomgey i D4 Me 82h 
i ‘i 7 
wut » asoevios sot ~Sisize de 
SriSiil . . BOLEZAHOS 187 22409 ioe IO4 ygeeBi gs ¢ & 
Relies 
Sees ; 
: Az * Bats esrne.V pnés ,sn 


ae - 
aa | 
™ - > pe) 
mam = Df 4°% un i 
, 
» is 
- - e 5 
' \ ‘; = a al = 2 ~- ae ew |) 9 
i 
i = ~—_ i ~ yh 
eile” ott iD es rela  & whe i se tes? « « Adis? ti 
y ! : = < 
s : ¢? io, “ 
ie ' 7 ow} Df Lainey we 1U¢ 
| 
= y 
yi (ev isg oF B26 sas brag y “gg o Bt 


t : ¢ 
+senagas nly gosh 4G wien wee shonse >it 


. e x ‘ » or - : * 
‘li iqgere <\ S1vpr% bee gwisgs"e9 ax | ianne ealasess 
> ye : rd ; 
5 4 === : es 
Bt ai Jet wets 292 a3e0 .oteepad ho a5 odd x 
* aid = 4 a a 


rOAD bie see onagad 9 unto 2 xtbneg GA 7 ot -e olde 

a bis =, 

tnwvilow to" Segoe SA7 #8 aetides biel 6 
} a +S 7 - 

; “a Bs 


(isootiv Io euéeav $n3 mae enna ody sh. ‘ eeser on 


ef .snezneo Joeviee gnteer2onk dsiw” iquade, bebae 
7 La » = : — ©. _ | 
petges wenk Asi ayo ne , oree ‘oda seamen 


sox natin 3 nevior 


i 


eibigns 298 o pb otin nots 
ri me inde Gee damvol ted. er rian ; 


- = fy wor 9 BA g2e 20 %g a ' 2 7 co ve ” 


Apparent Viscosity, Pa.S 


6.0 


a9 


Optimal Emulsion (1 year old) 


1% Benzene 


New Optimal Emulsion 


A 
= 3% 


Figure 43. 


6% 
10% 20% 
200 400 600 


Shear Rate, sec”! 


Effect of Benzene on Emulsion Viscosity. 


y ore. eee 
‘ 7 | : 
= in [ a al 4 
“ aT 7 ria 
{ AA 5 e, ; a “8 rv 
ee kee 
x A 7 ae We: 
~ " - i. a 
Ph 7 ti 
H : 
ALS oa 
hs ary if 
i + ¥ oo if 
4 ~ 


aXe, a y 


i. ” es) ie 4 Q f . 
‘blo isev 1) noigiums lemiiqO | i 


\ 
b* 
~ 
—j 
ae 
x’ 


poet D 


P eu * Cas ~: “ 7 LA. F 
noisivinS inenitgO we ooo 


cia 


cilia pane = webs 


100 


benzene; both are equally toxic and highly flammable. 
Benzene costs twice as much as xylenes. Viscosity reduction 
data for xylenes is shown in Table E-5, Appendix E. 

Emulsion stability was an important issue; at high 
solvent concentrations an aqueous phase was seen forming at 
the bottom of the samples while the top layer became 
Oil-rich. At low concentrations, the water did not separate 
out but the reduction in viscosity was not sufficient. A 
further reduction in viscosity would be necessary which 
would mean larger fractions of solvent should be used. Such 
solvent cuts would be, however, expenSive because of the 
high cost of benzene and xylenes. For this reason, the 
possible use of synthetic crude as a solvent was 
investigated. 

Synthetic crude was not as effective a solvent as 
benzene or xylenes; it took about 10 percent synthetic crude 
to decrease the optimal emulsion viscosity to around 1 Pa:-s 
or 1000 cp as can be seen in Figure 45 while 6 percent of 
benzene or xylenes achieved the same result. Data for 
Figure 45 is shown in Table E-6, Appendix E. However, since 
Synthetic crude was so much cheaper, cuts of even 10 to 15 


percent would be inexpensive. 


6.7 HEAVY OIL RECOVERY EXPERIMENTS 
These sand pack experiments were designed to simulate 
emulsion flooding in an oil reservoir. The major difference 


was that flow in a reservoir would occur in three dimensions 
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while flow in the sand packs occurred in essentially one 
dimension. Therefore, sand pack displacements were to be at 
best indicative of what would happen in an idealized field 
Situation. Moreover, the type of oil chosen to simulate 
reservoir oil was a refinery cut of medium viscosity (600 
Cp). Rheological properties of this oil and of the 
displacing emulsion can be seen in Figure 46. Calculated 
values of permeability for each sand pack are shown in Table 
G-1, Appendix G. 

Within these constraints, six runs were conducted to 
evaluate the performance of the emulsion under various 
conditions. Table 2 shows the displacement parameters for 
each run. All runs were compared with the performance of a 
Simple waterflood, used as a base reference. Pressure and 
oil cut histories for this waterflood can be seen in Figure 
47. It can be observed that water breakthrough occurred 
early while oil production decreased stepwise. Inlet 
pressure first increased to 16 psi and then decreased 
monotonically as is usually the case for a waterflood. 
Initial increase in pressure can be due to presence of gas 
in the system or can simply mean that the lines account for 
limited compressibility. The run was stopped when the oil 
cut dropped below 5 percent. Recovery was 43.0 percent of 
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Figure 46: Rheology of Heavy Oil and Eyehill Emulsion 


LEGEND 
a. MTC 30 Base Oil 
© Displacing Emulsion 


10 100 
Shear Rate, sec! 


104 


1000 


; Poiana} | “4 
ts 5 Vi lon oe 
~ ; _ A - : 
} Wine note ’ 4 
i Vi, 7 aw 
cy arg A an pwha>t Py, a 
a i an e Ch af : 
; Ao 
; PA ae te } 3 
_ ota nw 
ee io i), Pd 
= 
: } 
? ; 
— 


. ‘ ; ¥ 


bne iD wseH To YoolobnA 38 ei 


S 7 
A J ' f 
v~. rae - 
. i } i] 
~ 
av ae a ee 
. ~~ 
= 7. “ at 
ae Fi iO 6268 OF DIM «4 
nmelums priosaeiG oO a , 
f 
v im —_ 
.. ike . i 
, : | : 
* 


e 


Pane 


105 


(ISd) sunssdig uoloefu| 


poajoelu] BwWN|OA a10dq 


Bt 9'l vi Ga Ol 80 90 vO CO O 
O 0 
C Ol 
Vv O¢ 
9 Of€ 
8 OV 
Ol OS 
Cl 09 
Al OZ 
9l O8 
gl 06 
0z | UNY — S8HOJSIH IND |IO pue ainssald ‘Zp aINBI4 ool 
dIOI %0'EF : AIBAODGY 9} EWI} ‘Aid %0 : 8ZIS Bnis 
V/N : uOl}SOdwoy uolsjnwy jU/99 O01: ajey MO} 
do 022 : AyisoosiA uolsjnwy JW O69 : BOR|qulplOseiyuy 
do 0zg : AyISODSIA [!O Ju GQ/ : QUWN|O/ 340d 
Q}a|dwoy : POO|HIa}JeAA SADIEG O€'SI : Ayiqeawiad 


(14 2) W 6090 : yyGue] e109 GLP: Aylsol0d 


jUaNI}4 U! [IO JUed1ed 


eee 


bef 


gg OH COI YistOUSe ~ BN 4 


oe 


OF 
— 
- 


~~ 


ee 


ie > a ‘ 
~ pyre y\: pieranve 


beiceuy Olt 1 cure 


a ‘Ss 


+... os tg 


d 


106 


TABLE 2 


Sand Pack Displacement Parameters 


Run Core # Slug Size, Displacement Core 
Percent Type Length, 

m 
1 3 ) Waterflood 02609 
2 4 10 nek Slug — 0.609 
3 2 Mi Slices 0.609 
4 1 30 Slug 0609 
5 S 30 Waterflood+Slug 0.0039 
6 6 30 Slug eigen 


Flow Rates in all Runs: 100 cc/hr 
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6.7.1 Effect of Slug Size 

Three different slug sizes were tested: 10, 20, and 30 
percent of the pore volume. In each case, no waterflood was 
conducted prior to emulsion slug injection. 

As ‘the size of the slug increased, the amount of oil 
produced prior to water breakthrough increased (see Figures 
48 to 50). After breakthrough, the transition to large 
water production was sharp in the case of the 10 percent 
Slug but pecane mors and more progressive and step-like as 
the size of the emulsion slug increased to 20 and 30 
percent. 

Pressure histories for the three slug sizes were all 
different but showed a trend. In all three cases, as with 
the waterflood, pressure first increased to a local maximum. 
For the 10 percent slug size, injection of water to push the 
slug coincided with the maximum pressure (Figure 48). For 
the 20 percent slug size, inlet pressure started to decrease 
when water injection began (Figure 49). For the 30 percent 
Slug size, inlet pressure dropped by 10 psi by the time 
water injection was initiated (Figure 50). In the case of 
the waterflood, maximum pressure formed a sharp peak. As 
the slug size increased from 10.to 30 percent this peak 
became less sharp and gradually decreased in size. 

Two conclusions can be drawn from these observations. 
First, it seems that emulsion injection becomes eaSier with 
time because drop in inlet pressure is not linked with water 


injection. It will be seen later that water injection has a 
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totally different effect. Second, even though the actual 
value of inlet pressure increases as_ the slug size 
increases, the maximum initial pressure required to inject 
the emulsion becomes less significant in terms of the 
overall pressure history. 

In the case of a waterflood, pressure beyond the 
maximum decreased monotonically. But for every run where an 
emulsion slug was present, pressure first decreased then 
Started to increase again. As slug size increased from 10 
to 30 percent, the decrease in pressure became smaller and 
the subsequent increase steeper. The following 
interpretation of these observations is offered. [tris 
based entirely on the observation of pressure behaviour 
because pressure was the only meaSurable variable in these 
experiments. Pressure was therefore used as an index to the 
mechanistic features of the emulsion slug processes. 

Since water has a lower viscosity than both emulsion 
and oil, it is easier to push it through the porous medium. 
Since flow rate is kept constant, the inlet pressure drops. 
But as larger amounts of water come in contact with the 
emulsion, several phenomena may occur all of which would 
result in an increase in inlet pressure. Water and emulsion 
may mix giving a product of substantially higher viscosity 
as was reported in the chapter on rheological properties; 
Such a fluid would necessitate a higher inlet pressure to 
flow through the sand pack. As a second possibility, water 


may try to bypass the emulsion. Because the water droplets 
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in the emulsion will plug the pore space, the area open to 
water flow will be greatly reduced; this would also 
necessitate a higher injection pressure to maintain a 
constant rate. Pressure increases were steady for the _ 10 
and 30 percent slug sizes. In the case of the 20 percent 
Slug, pressure increased steadily, then fell. This could be 
interpreted as a successful channeling of water through the 
Slug and through the oil. 

Recovery for the three slug Sie es as a function of pore 
volume injected was reported in Figure 51. It was observed 
that the increase in recovery was almost proportional to the 
increase in slug size. The increase in oil recovered prior 
to breakthrough was also directly dependent on the increase 
in slug size (see Table 3). However the incremental 
recovery waS not proportional to the slug size. For 
example, the use of a 30 percent slug which contained oil 
representing 9.8 percent of the pore volume allowed the 
recovery of an additional 37.3 percent of the initial oil in 
place, compared to a waterflood. The total recovery for 
that slug size was high: 80.3 percent of the initial 011 in 
place against 43.0 percent for a waterflood. 

Another observation of interest was the measurement of 
the salinity of the effluent for each run (Figure 52). 
Brine which was initially at irreducible saturation was’ the 
first water to be produced thereby indicating that the brine 


must have been banked ahead of the emulsion front. 
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Figure 51: Effect of Emulsion Slug Size on Recovery 
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6.7.2 Effect of a Prior Waterflood on Emulsion Slug Process 
This experiment was designed to investigate the 
applicability of an emulsion’ slug process in a situation 
where waterflooding was previously conducted. A waterflood 
was conducted on core #5 (Figure 53). When the effluent 
water cut approached -50° percent, an emulsion slug (30 
percent of the pore volume) was injected followed by 
distilled water injection. A new oil bank was observed and 
Oil recovery increased from 43.0 percent (simple waterflood) 
to 69.3 percent, after 1.6 volumes were injected. As _ shown 
in Figure 53, the second oil cut peak was almost as high as 
the initial one. Emulsion injection displaced a significant 
amount of oil which had been bypassed by the waterflood. 
Inlet pressure increased aS soon aS water was injected to 
push the emulsion slug. This observation seemed to confirm 
that the main effect of the emulsion was to effectively 
block the passage to water and restrict channeling. The 
remainder of the pressure history resembles that for run #4. 
Therefore emulsion injection would still assist 
recovery even if a waterflood has already been started. The 
effect of the emulsion slug was also visible in the 
variation in effluent salinity (see Figure 54, run #5). A 
sudden increase in salinity was recorded, indicating that 
not all the brine had been driven out by the waterflood. No 
conclusion could therefore be drawn as to the existence of a 
brine bank formed in the sand pack ahead of the waterflood 


or of the emulsion slug. 
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Figure 52: Salinity of Aqueous Phase Recovered During 
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6.7.3 Effect of Core Length 

Two emulsion slug displacements were performed in a 
OE SCUImr ert) -andsin-ays2eem (4 £t)-core. “Similar orl, cut 
profiles were observed (see Figures 50 and 55) except that 
water breakthrough occurred about 0.10 pore volume earlier 
in the longer core. Injection pressures followed the same 
trend in both cores and the inlet pressure in the long core 
was predictably higher than in the short core. However, the 
recovery for the longer core was only 69.7 percent of the 
oil in place while recovery in the short core was 80.3 
percent for slug sizes representing the same fraction of the 
pore volume. It was anticipated that the recovery would be 
the same which would have meant that the oil recovery was 
independent of model size. 

No definite explanation can be offered for the 
discrepancy between the two figures. It could be due to 
viscous fingering. Because the difference in viscosities 
between water (0.001 Pa-s or 1 cp) and emulsion (0.220 Pa:s 
or 220 cp) was so large at the back of the emulsion bank, 
the front between the two liquids would be unstable. 

The discrepancy could also be caused by the difference 
between the amount of water injected in run #4 and in run 
#6. In the short core, fluid injection totalized 1.645 pore 
volumes. In the long core the fluids injected represented 
1.256 “oore™ volumes? or. "0.39" pore volume less than forthe 
Short, .-core™. It should be recalled that core £lood 


experiments were stopped when the oil fraction in the 
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Figure 54: Salinity of Aqueous Phase Recovered During 
Displacement 
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effluent dropped below 5 percent, in agreement with the 
procedure described in Paragraph 5.2.4. 

In either case, the conclusion is that oil recovery was 
Signiticantzy lower ina leng core (1.22 -m or 4 £t) than in 
a short core (0.609 m or 2 ft). This is based upon only two 
runs, and could use future elaboration. 

Oil recoveries for runs 1, 5, and 6, are compared in 
Figure 56. Waterflooding shows the lowest recovery. Slug 
injection after waterflood shows a net improvement in oil 
recovery. The sooner the slug injection begins, the larger 
the ultimate recovery will be. Finally oil recovery ina 
eczema; fc e-coreé, 1S) not as high as in.a..0.609 m: (2 “£%) 
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Figure 56: Effect of Emulsion on Waterflood Recovery 


Linear Rate : 1.88 m/day (6.15 ft/day) 
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7. CONCLUSIONS 


Study of Eyehill heavy oil emulsions and their oil 


displacement efficiency has led to the following guidelines 


and conclusions; 


Heavy crude already containing connate water in the form 
of dispersed drops mixed only in limited amounts with 
aqueous caustic solutions. If larger amounts of caustic 
solution were added, two-phase mixtures resulted but the 
crude never reverted from a water-in-oil to an 
oil-in-water emulsion to accomodate the additional 


aqueous phase. 


Certain combinations of emulsion, crude, and distilled 
water resulted in very viscouS mixtures. Combinations 


containing more than 30 percent water resulted ina gel. 


Emulsion viscosity can be effectively controlled by the 
addition of synthetic crude as a solvent. Benzene and 
toluene are more effective solvents, though more 


expensive. 

Emulsion flooding in a partially waterflooded sand pack 
showed a jump in oil production and a total oil recovery 
of 69.3 percent of oil in place. 


Based on only two runs, oil recovery with the same _ slug 


123 


ise "1 “S ae 4 
arorewoneD mi 
’ Pio  arsis -\bnk enoieluma tio. greed * 
i ; te rat bg) Tone 


senilsbiue patwoltod edd of: ‘bel sath eonetsl tie aaa ve 
4 - - 0 
ore ET) pers ae 


t 


UAL eke < 
4 ’ . fie +. ¥ av i ae 
i a 


~ , = 


< 4 oh ell r 7 
¥ df’ of 2e7s8v syanao>s GENIN IeI Ae ybes* : ip shuis yeast 
: 


; e2nvomes etimil as vine Bexta eqoxb Beézeqel® a 
— yes 2! ; ; - 
> in atnvoms qepTei Ft! energuios Sisepas a da 


. 


4 j 
tuees1, agtuduin egatd-row? ,bebas 229w not sytem 
si ; of gine L hy ; } ae 
née o2 Llo-ni-ss5e¥v A OIG betisevst 1eve0 sbutp 


; oA i ae i " 2 
Lencis bie —~eseBosteraa 09 no Ce les 7s76W ve tie : 
. , ait ey 
re Writ: sasig avosup a 
( : ~ i 3 “ ‘ a 
: wir ity 
: — 4 14 ¥ 7 # 
. * : 
: <4 : » | } ; 
< ae Fi 2 ; x G Ma Ips au : 
if i4+el BAS enpu"%s ,7Or a lome 70 ‘@AQz hati amar Ass 19D 
: 7 aii | 


tidto? .eenudkie ~ pubaely,’ ‘Tay nit bes iuaes \eotaw 
a An i \ sa 

+ hoxivees Yaraw 1nies283 “OF nats Sibu. ‘eutntasos: 

RP ee ro ad 


ea Ae mt Vole or 


[ an ; I 
fn bist 


“4 bette +802 | tom : ed.nep ent ‘eo kg toat aa 3 
| 1thoo \¥ vases ms ae 
costaed | Cthevios” g eburd 9 Ohnearats, yor tbs 


\ 


” SO) See pens ee 
som dpuony esnevion a pits. sion ” = 
’ Mi vr UT ocd eal 
+ del ake hi iL ioran rns 
a i 7 


| a TS 


- . _ ei a5 
toe bnew oeboostnese sa si: ae hg 


grewooes fie ‘tegosie s 


ooh SOF fF wees 


124 


size may be significantly affected by the length of the 


sand pack. 
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8. RECOMMENDATIONS 
following suggestions are offered for further study in 


area of emulsion flooding. 


The values of interfacial tension might not change if 
the evolumen Ofakeausticeksolution is kept constant for 
measurements at different volume ratios. The effect of 
the size of the interfacial area on interfacial tension 


would also be useful to investigate. 


All of the caustic solutions prepared contained no 
sodium chloride. It would be useful to know if addition 


of salt would promote better acceptance of the caustic 


Solutions*bye.the»  crudew,upon ymixing. Along the same 


lines, the ternary diagrams could be reproduced using 
different brine concentrations rather than distilled 
water: number of phases and mixture viscosities could be 
significantly altered by the presence of salt in the 


water. 


Another study could be devoted to the effect of caustic 
on oil-in-water emulsions only. These emulsions would 
be easier to test and analyze because their viscosity 
would be so much lower than that of water-in-oil 


emulsions. 


Hydrochloric acid could be used as an electrolyte for 
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both water-in-oil and oil-in-water emulsions. 


Higher caustic concentrations may be able to promote 
larger acceptance of aqueous phase by the crude and/or 
phase inversion. This would provide more versatility to 


the emulsion flooding technique. 


In the area of sand pack displacement Suse cumeEe 
different solvent concentrations could be used in the 
emulsion slug. The major problem in emulsion’ flooding 
occurs at the back of the slug where the discrepancy 
between emulsion and water viscosities gives rise to 
water fingering. A gradation of emulsion viscosity from 
that or orl to that of water would provide a better 


slug. 


The problem of radial flow of emulsion around a well 
bore should be investigated. As the emulsion slug moves 
away from the wellbore its thickness will decrease 
rapidly and injection water may break through re 
rapidly. The efficiency of emulsion flooding would 


quickly be lost. 


The question of brine banking ahead of the emulsion 
should be elucidated. Experiments with continuous 


emulsion injection are suggested in this regard. 
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INTERFACIAL TENSION DATA 
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PHASE 1 
Equal Volumes of Oil and Water 

In the first run, 60 ml of pure distilled water were 
tested against 60 ml of oil. For all subsequent runs a 
solution of 1.0 percent by weight sodium hydroxide was 
produced and varying amounts were used to reach a different 
sodium hydroxide concentration in each run. 

Distilled water and solution were measured by pipette 
and placed first in a 150 ml beaker, then stirred. The ring 
was immersed well below the contact surface to avoid 
contamination by oil and attached to the tensiometer. Then 
the oil was poured slowly and uniformly over the water until 
it formed a layer equal in thickness to that of water. 

Equal volumes were obtained in this fashion. 
Normal test would then proceed and the following 


interfacial tension readings were obtained: 
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TABLE A-1 
m Of @.0% Percent NaOH Interfacial Final 
NaOH Solution by Weight Tension Reading Corrected Value 
S22 1.04 F250 Lye 
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1*sCorrection Factor not available. 
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TABLE A-2 
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Density 
g/ce 
.0084570 
.0002154 
.9996944 
-0002043 
e9392785 
.9994563 
-9984748 
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Correction 
Factor 
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T=0.745580 d=0.9688596 g/cc @t=23.1°C 
T=0.542127 d=0.0010984 g/cc @t=22.9°C 


Water T=0.750752 d=0.9974166 g/cc @t=23.5°C 
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PHASE 2 
One Volume of Oil for Three Volumes of Water 
In all runs, 60 ml of solution and 20 ml of oil were 
used. As in Phase 1 all solutions were obtained by 
combination in different amounts of distilled water anda 
1.0 percent by weight (0.25 M) sodium hydroxide solution. 
Also, the same procedure was employed. The following 


interfacial tension values were measured: 


TABLE A-3 
milto£ tt), 0% Percent NaOH Interfacial Final 
NaOH Solution by Weight Tension Reading Corrected Value 
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PHASE 2 


Densities 


TABLE A-4 


Density 
g7ce 
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1.001845 
1.008767 
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Correction 
Factor 
0.876 
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0.880 
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PHASE 3 
Three Volumes of Oil for One of Water 
For all runs 15 ml of solution and 45 ml of oil were 
placed in a 100 ml beaker. The solutions were prepared from 
a 1.0 percent by weight (0.25 M) sodium hydroxide batch in 
volumes of 60 ml each time. Then 15 ml were taken from the 
60 ml preparation and used for the interfacial tension test. 
It was felt that by preparing a Nasdeonvolune of solution 
(60 ml) the propagation of errors would be minimized. The 


results are tabulated on the next page. 
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TABLE A-5 
Miwok 1.0% Percent NaOH Interfacial Final 
NaOH Solution by Weight Tension Reading Corrected Value 

60.0 1300 [Pate 16 
90 Otis 1 ists 1230 
Tietz OZ 11.4 13:00 
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5.4 O69 132 V258 
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*:Correction Factor not available. 
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Densities 


TABLE A-6 
Percent NaOH Densimeter Density Correction 

by Weight Reading, T epete Factor 
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Air T=0.540937 d=0.001097 g/cc @t=23.3°C 


Water T=0.750962 d=0.997417 g/cc @t=23.5°C 


*: Correction Factor not available. 
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Office of the Provincial Analyst 


WATER ANALYSIS REPORT 


Parts per million 


Total Solids 
Ignition Loss 
Hardness 
Sulphates 
Chlorides © 
Alkalinity 
Nitrite N2 
Nitrate N 
iron 
Fluoride 
Calcium 


Magnesium 


Conductivity 
PH 

Nature of 
Alkalinity 
Sodium 
Potassium 


Salt 


7500050 
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EMULSION PREPARATION: PROCEDURE AND DATA 
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Percent Volume 
Ord. of Crude,ml 

4.1 20 

Baz 40 

a 2-3 60 

16.4 80 

20.5 100 

24.6 120 

Vad igs) 130 

23.7 140 

235) 140 

28,57 140 

30.8 150 

S226 160 

34.9 170 

eu Supe A 180 

Son 180 

39°20 190 


TABLE B-1 


Crude, 


O72 
32.43 
Sool 
7 Oi 
26.00 
ae ras) 
Leas ie dhs) 
138.00 
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136.000 
147.86 
Pie 2 
167.56 
177.44 
177.44 


187229 


Weight of 
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before, 


293.95 
291.05 
250.80 
191.10 
238.50 
enz240 
310.80 
314.50 
314.20 
304.55 
446.10 
314.45 
478.35 
313.45 
338.60 


452.30 
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Beaker & Oil Beaker & Oil 


after, g 


274.23 
251.62 
191.65 
112.24 
139.92 
193.81 
182.65 
176.80 
176.20 
166.55 
298.24 
156.83 
S10. 72 
136.01 
161.16 
265.01 


NOTE: The difference between crude and oil content stems 


from the fact that the crude contains 59 percent water. 
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TABLE B-Z 


Volume of 
solution, ml 
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Solution 


Temperature, 
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C. Temperature, 
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TABLE B-3 
Percent Phases Volume Water Content, 

Oak Present Distilled, ml Erac ; 
O in W 
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TABLE B-3 (cont'd) 


Percent Phases Volume Water Content, 

Oil Present Distilled, ml frac. 
Oo an) W 

26.4) Win O 25.0) 0.62 
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TABLE B-3 (cont'd) 


Percent Phases Volume Water Content, 

Onl Present Distilled, ml Prac. 

O in W 

34.9 Wino ZnO Vio 
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not enough substance available 


TABLE B-4 

Relative Percent NaOH 

Volumes, Solution 
Etac. 

100:. 00 

Orgs 100.000 
0602 0.00 
0.80 100.00 
0.20 0.00 
0.570 106.00 
0.30 0: 00 
0% 57 98.68 
0.43 thie Ole 
0.36 98.52 
0.64 1.48 
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TABLE B-4 (cont'd) 


Relative 
Volumes, 


Pract. 
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W/O Phase Data 


TABLE D-3 (cont'd) 
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Figure F-2. Rheogoniometer Shear Stress Transducer Calibration. 
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Figure F-3. Rheogoniometer Shear Stress Transducer Calibration. 
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Figure F-5. Sample 6 Rheology; Log-Log Scales. 


: 


‘\¢ enh & sign ez 
in 


oe 


[> 7 


190 


| 09S ‘eyey JeaYS 


OCs. Gl Ol G 
V ° 
Vv V 
V 
O 
8 d 
O | || sJawes v 
Q BjdWeS o 
pusbe7] 
O 


‘SaJBbOS DewWYUWY UOIAeYyeg jeoIBojooyYy ‘9 -4 aunbl4 


0 
OOl 
Y) 
D 
002 qy 
a 
Cp) 
O0G: = 
0) 
~ 
D 
OOV 
= 
ad) 
00S 
009 


Od 


103 


Shear Stress, Pa 
ro 


10! 
1 10 10° 
Shear Rate, sec | 
Figure F-7. Sample 9 Rheology 


Linear Regression Analysis 
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SAND PACK DISPLACEMENTS 
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TABLE G-2 


Pore Volume Determination 


from Effluent Water Salinity Analysis 
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TABLE G-2 (cont'd) 


Pore Volume Determination 


from Effluent Water Salinity Analysis 
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TABLE (G-2: (cont"d) 


Pore Volume Determination 


from Effluent Water Salinity Analysis 


Core # Com, Mol. “lng. 3 Refractive NaCl 
ml Index Concentration 
670 WP eyeiai5 0.0009 
690 33.28 0.022 
710 In seeg 0.034 
730 1.3380 0.045 
3 . 750 chs ol) 0295 
770 i.oee9 0.922 
790 1.3405 0.906 
810 1.3409 0.952 
830 1.3410 0.964 


850 1.3414 1.000 
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TABLE G-2 (cont'd) 


Pore Volume Determination 


from Effluent Water Salinity Analysis 


Core # Cums Vole, Rage , Refractive NaCl 
m1 Index Concentration 
720 es S26 0.0009 
740 Hesse 0.079 
761 1.3344 OFAZ0'6 
To Res s69 0.493 
801 Passo ONe7 971 
4 820 1.3406 O.918 
840 1.3410 0.964 
Sag 1.3414 1.000 
880 1.3414 T2600 
900 1.3414 1.000 
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TABLE G-2 (cont'd) 


Pore Volume Determination 


from Effluent Water Salinity Analysis 


Core # Gum. Vol = cin, Refractive NaCl 
m1 Index Concentration 
688 h. S826 0.0009 
708 S330 0.045 
728 1.3384 0.665 
748 2. | e304 0). $95 
5 768 1.3409 Oj. 952 
788 1.3410 0.964 
808 te Sih Oj. 9.Gy7, 
828 4.3413 0.998 
848 1.3414 1.000 


868 1.3414 1.000 
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TABLE G-2 (cont'd) 


Pore Volume Determination 


from Effluent Water Salinity Analysis 


Core # Gum eee 0 lice SEL al ae Refractive NaCl 


ml Index Concentration 
1320 RasszZo 0.0000 
1400 Peo S20 0.0009 
1421 Wes o26 0.0009 
1460 hes s26- 0.0009 
1480 beso 26 0. O22 
1500 os s3.0 0.045 
4520 NAMES HSE S| Oi? 
1540 33 OU Gn390 
6 1560 0) 0.734 
1580 1.3404 O895 
1600 1.3407 USes) 
1620 1.3408 0.941 
1640 1.3409 0.952 
1660 1.3411 02975 
1680 1.3414 000 


1700 1.3414 1.000 
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Fig G-1: Pore Volume Determination 
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Initial Sand Pack Conditions 


Pore Volume, 
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TABLE G-4 


Effluent Analysis-Run 1 


Cums: . Voll <jiaibnae 8; Oil Produced Water Produced 
ml Brac’. feac. 
150 1.000 0.000 
200 0.964 0.036 
250 027560 0.440 
300 O37 0 0.630 
350 o - 03220 ») O35 0 
398 0.135 | 0.865 
448 Om2.0 0.880 
495 0.106 0.894 
544 : OnCai2 0.918 
S92 O03 O53.27 
640 02052 0.948 
689 055054 0.949 
738 0.061 eS ee) 
787 O706i 0.239 
836 Omus5 | 0.949 
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TABLE G-5 


Pressure History-Run 1 


Cumulative Time 


min 


Inlet Pressure 


psi 
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TABLE G-6 


Cum. 


Oil Prod. 
ml 
50 
100 
150 
i98e2 
ZL 2 
244.7 
ZOO 
2622 
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2734.2 
DIA ee 
280.7 
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294.2 
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TABLE G<7 


Effluent Water Salinity Analysis-Run 1 


Run # RP. GV. WuPmod. Refractive NaCl 
Prac. Index Concentration 

022611 1.3409 01952 

Ors2 77 Ue s) Ss) Of 677 

Orse2 Ee ie es 0.642 

0.458 Re erenya! 07550 
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0.647 a SiS yore: 92079 

4 0.7 13330 0.045 

Oc t7e i3330 0.045 

083i) eho P45) 0.034 
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sy 82 hes3z2e 0.022 
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TABLE’ G-8 


Effluent Analysis-Run 2 


Cum... Vol Cea er Oil Produced Water Produced 
m1 Prac’ EPvac. 
100 LAO 0.00 
200 1.00 0.00 
300 0.88 Oe h2 
350 O36 0.64 
400 Oe 0.82 
450 Ontien 0.84 
500 Oa O89 
shay) Ont 0.90 
600 07.10 0.90 
650 0209 OSH 
700 O08 0.92 
750 0.04 0.296 
800 0.05 0695 
850 0.06 0.94 
900 0.08 Oo2 
950 0.08 0292 
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TABLE G-9 


Pressure History-Run 2 


Cumulative Time Inlet Pressure 

min psi 
0 0.0 
40 LZtey 
50 155.5 
60 1 Geez 
75 16.2 
GZ 1oe9 
96 iitey As 
100 1Si.(2 
110 14.2 
120 TeSteaue 
140 tes Abs 
160 117,06 
Tea 8.6 
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TABLE G-9 (cont'd) 
Pressure History-Run 2 


Cumulative Time 


min 


Inlet Pressure 


psi 
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TABLE G-10 


Oil Production History-Run 2 


Bore Vol.) Ena. i; Cum. (O22. Brod: % LOLP Prod.., 
Brac. ml 
0.0641 50 aes) 
0...428 100 14.8 
0.792 150 22.2 
0.256 200 29.6 
10.224 250 37.0 
0.385 294 43.6 
0.449 Sy 4 46.2 
Oe Sale 321 47.6 


0.576 aac 48.7 


TABLE G-10 (cont'd) 


Ol Production“History-Rune2 


Pores Vol.” Ingk+', Cums» Ol Prod % LOIP Prods | 

Eibacrs ml 

0.641 334.5 49.6 
0;..7-05 53 9%5 5073 
On ioo 344.5 ole0 
Ovos3 349.0 Siler 
0.897 353.0 5253 
OOIG2 355.0 5296 
i026 35755 5340 
1.089 3602-5 53.4 
ios 364.5 54.0 
ASS 368.5 54.6 
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TABLE G-11 


Effluent Water Salinity Analysis-Run 2 


Run # Paue Vs seo Refractive NaCl 
frac. Index Concentration 

0.385 1.3409 Ong 52 

0.449 i eee fcite he. OR B37 

02 Sais b.5380 O26 119 

0.576 i<33'59 0.3878 

0.641 1.3345 OR 17 

0.705 1.3335 0.103 

O17 69 Peo sis2 0.068 

1 0.833 Pes s30 0.045 

O28 o7 ino Si 0.045 

0.962 hesisiess, 0.034 

1.026 es329 0.034 

(PAB R Si) oes) 0.034 

Net 53 123326 Om022 

Pecans) leso26 02022 


1282 Cess28 0.022 
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TABLE G-12 


Effluent Analysis-Run 3 


‘ Oil Produced 


trace 
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Water Produced 


Prac; 


0.49 
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TABLE? Ge 13 


Pressure History-Run 3 


Cumulative Time 


min 


125 
Ad 
150 
165 
198 
245 
260 
273 
288 


Inlet Pressure 


psi 
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TABLE G-13 (cont'd) 


Pressure History-Run 3 


Cumulative Time 


min 


Inlet Pressure 


psi 
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TABLE G-14 


Oil Production History-Run 3 


Bore Vol.) Fags ; Gum, Ort Prod. % FOL, Brod....; 

Brac. ml 

030652 50 7.4 
0.120 100 14.7 
0.196 150 22hcit 
6.261 200 29.4 
0.326 | =93250 36.8 
0.391 300. 44. 
0.456 349.25 51.4 
O522 S44 hd Ste ra 
0.567 309.25 hese 
0652 399.075 Shsleite: 
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TABLE G-14 (cont'd) 


Cum. 


Oi) Pred: 


ml 
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TADER. G= 15 


Effluent Water Salinity Analysis-Run 3 


Run # Pv 6V.. CO PROd:. Refractive NaCl 
| Erac,, Index Concentration 

0.456 1.3411 O97 5 

Ore 22 HPC RSIS 0.803 

O07 to 6.0 O27 6:119 

0.652 15360 02390 

0747. . (CCN Nala 3 PATS) 

01.782 1.3342 Oe 183 

0.847 1.3340 0.160 

2 3 O93 ifes5 39 0.148 
ARS is) 3535 Gy103 

1.043 Boe ere S: CeO 72 

1.108 esos 0 0.045 

ses L330 0.045 

eos es 0.045 

Pe369 i23350 0.045 
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TABLE G-16 


Effluent Analysis-Run 4 


? Oil Produced 


Frac. 
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Water Produced 


Frac. 
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TABLESG= 1.7 


Pressure History-Run 4 


Cumulative Time Inlet Pressure 

min psi 
0 Ou2 
10 14.6 
25 16.4 
50 L6.6 
85 16.4 
‘10 Le. 2 
E25 Julia 
128 20.0 
140 18.2 
170 14.8 
200 14.2 
230 15.2 
260 17.4 


520 28.4 
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TABLE G-17 (cont'd) 


Pressure History-Run 4 


Cumulative Time Inlet Pressure 
min psi 
350 3248 
380 34.9 
406 36.4 
425 40.4 
450 398.0 
5i,0 42.4 
570 43.0 
600 42.4 
630 42.4 
690 41.0 
TZ 41.0 
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TABLE G-18 


Oil Production History-Run 4 


Pore Vol. (ini, Cum. Gil Prod. % ILOLP Prod. ., 

frac. ml 

0.064 50 7.4 
0.928 100 14.7 
O28 92 150 2oraa 
OL 256 200 29.4 
0.320 230 36.8 
0.384 300 44,1 
0.448 350 Sie 5 
O52 400 568 
0<575 438 64.4 
0639 458 67.4 
0.7903 474 69.7 
0.467 487 PR. 
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TABLE G-18 (cont'd) 


Oil Production History-Run 4 


Poresvol.-' Inies; Cum, 012% Brod? % LOLTP Predey, 

brac. ml 

0.886 503 74.0 
0.948 508 75.4 
1073 5 1iG...5 7650 
1.134 S205 71635 
OT ae 524.5 TIM 
dOnt S27 to T1736 
eres) 535 78 32 
Lake, S3.5ie 7838 
1.453 SiMe es, 73930 
gerdoyelh 7 541 Tele, 
11584 544.5 80.0 


1.645 546 80.23 
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TABLE G-19 


Effluent Water Salinity Analysis-Run 4 


Run # Pequev sv Pac. Refractive NaCl 
fracr. Index Concentration 

Oc 575 1.3409 074952 

639 1.3409 952 

02703 Ws sieiis Ora 7 

02767 33:74 O345150 

0.831 io 303 Or3,09 

3 0.886 1.3340 F416 0 

0.948 UBS O55 0 3 

17505h0 Teo335 Oj0:79 

Oa Tens ore Of 4087-9 

1.134 AS ke V2 0.068 

be (97 eos 0.068 

VaZ2Ga 1330 0.045 
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TABLE G-20 


Effluent Analysis-Run 5 


; Oil Produced 


Erac 
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TABLE G-20 (cont'd) 


Effluent Analysis-Run 5 


y Oil Produced 


crac 
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Water Produced 


frac. 
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TABLE G-21 


Pressure History-Run 5 


Cumulative Time Inlet Pressure 
| min psi 
0 6.4 
30 15008 
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210 Siew | 
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TABLE G-21 (cont'd) 


Pressure History-Run 5 


Cumulative Time Inlet Pressure 
min psi 
293 PSs. 7 
310 lo. 6 
340 16.4 
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5517, 14.7 
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Oil Production History-Run 5 
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TABLE G-22 
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Oil Prod. 


ml 
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TABLE G-22 (cont'd) 
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ml 
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TABLE G-23 


Effluent Water Salinity Analysis-Run 5 


Run # Baek Vv... “Pao. Refractive NaCl 
frac. Index Concentration 

0.274 (ROSES) IS) O79 | 

ORsiag 1-3 eo0 OreZ 2 

0.408 jPaeere oer A 039585 

0.471 i Rae rere | O35:85 

0.540 m3 3.60 0:43:90 

0.608 1.3340 0.160 

0.682 1.3334 0'0.9:1 

9 Or ao hess | 02057 

0.816 | Sea) 0.034 

0.884 PSs 01057 

Bie ds 3343 G4205 

OS 1.3340 0.160 

12.085 i<3o20 O37 

Tyet ond 123550 On 103 

ra274 e354 0.091 

(Peheie Loos 0.045 


1.808 le 3330 0.045 
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TABLE G-24 


Effluent Analysis-Run 6 


: Oil Produced 


frac. 
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Water Produced 


Prac. 
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TABLE G-24 (cont'd) 


Effluent Analysis-Run 6 


; Oil Produced 


Prac. 
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Water Produced 


eEac. 
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0.889 
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0.920 
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0.904 
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TABLE G=25 


Pressure History-Run 6 


Cumulative Time 


min 


Inlet Pressure 
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TABLE G-25 (cont'd) 


Pressure History-Run 6 


Cumulative Time Inlet Pressure 
min psi 
582 50.8 
643 Sai 0 
670 5258 
429 60.2 
760 637.0 
123 64.7 
823 604.8 
851 6ue.o 
880 60.4 
51.0 Gl teal 
940 5en0 
970 554.6 
1000 bi62.0 
1030 56.2 
1063 605.2 
1093 580 
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TABLE G-26 


Oil Production History-Run 6 


Pore VOL. yds os Cum. O21 Prod. % TOLP Prod. , 

oe ml 

0.064 100 ie 
0.329 200 14.6 
oheie B57] 300 293.9 
0.258 400 29:52 
0.322 500 36.5 
0.386 see 600 43.8 
0.451 700 Sh. 1 
0.483 744 54.3 
0.55 77.3 56.4 
0.548 794 56.0 
0.580 812 59 26 
0.602 825 60.2 
0.644 epche, 6a. 2 
0. 626 852 62.2 
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TABLE G-26 (cont'd) 


Oil Production History-Run 6 


Pore Vol... Inj} ., Gums Oi] Brod. fe TOLP- Prode® ; 

Prac. ml 

0.741 BS ONe0 63:50 
05.7523 O73. 5 64.1 
O7805 886.5 64.7 
07837 893.0 65:92 
DIB 'G Oya ir 900.0 65 3/ 
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TABLE G-27 


Effluent Water Salinity Analysis-Run 6 


Run # Poi vu -Prod. Refractive Nacl 
Prac. Index Concentration 

0.483 1.3414 1.000 

Op SHS T3413 0.998 

0.548 1.3411 e975 

01580 1.3408 0.941 

262 1.3400 0.849 

6 0.644 1.3393 0.768 

0.676 i336 0.688 

0.708 T3374 Or..650 

0.741 1.3364 Or 435 
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TABLE G-27 (cont'd) 


Effluent Water Salinity Analysis-Run 6 


Run # PwitV.e  PEeod. Refractive NaCl 
frac. Index Concentration 
0°..869 1.3345 Ore 2s? 
0.902 1.3349 0263 
0.934 1773358 Ohne: 
0.966 Ra SeeS 0.114 
0.998 1.3334 | 0.091 

6 103.0 13835 O207 9 
1.062 hess 0.079 
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Tee hog (530 0.045 
1.224 1.3380 0.045 
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